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RESOURCE ALLOCATION FOR MIMO-OFDM 

COMMUNICATION SYSTEMS 

BACKGROUND 

Field 

|"I001] The present invention relate* geneially to data communication, ma more 
specifically to techniques for allocating resources in multiple-input multiple-output 
communication systems that utilize orthogonal frequency division multiplexing (i.e., 
MMO-OFDM sysusmsV 

Background 

[1002] A multiple-input multiple-output (MIMO) communication system employs 
multiple (N T ) transmit antenna 1 ; and multiple (Nr) receive antennas for transmission of 
multiple independent data streams. In am MIMO system implementation, at any given 
moment, all of the data streams are used for a communication between a multiple- 
antenna base station and. a single multiple-antenna terminal, However, in a multiple 
access communication system, the base station may also concurrently communicate 
with a number of terminals. In tins case, each of the terminals employs 5) sufficient 
number of antennas such that it can transmit and/or receive one or more data streams. 
fll)03j The 11F channel between the multiple-antenna array at the base station and 
the multiple-antenna array at a given terminal is referred, to as a MIMO channel The 
MIMO channel formed by the Nt transmit mid Nr receive antennas may be decomposed 
into Ns independent channels, with N lS < min IN T , NrJ. Each of the f% Independent 
channels is also referred to as a spatial subchannel of the MIMO channel and 
corresponds to a dimension. The MIMO system can provide improved performance 
(e.g., increased transmission capacity) if the additional dimensionalities created by the 
multiple transmit and receive antennas are utilized. 

[1004] A wideband MIMO system typically experiences frequency selective fading, 
which is characterised by different amounts of attenuation across the system bandwidth, 
This frequency selective fading causes inter-symbol interference (ISI), winch is a 
phenomenon whereby each symbol tn a received signal acts as distortion to subsequent 
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symbols in the received signal. This distortion degrades performance by impacting the 
ability to correctly detect the received symbols, 

[1005] Orthogonal frequency division multiplexing (OFDM) may be used to combat 
ISl and/or tor some other purposes. An OFDM system effectively partitions the overall 
system bandwidth into a number of (1%) frequency subciianneis, which may be referred 
to as subbands or frequency bins. Each frequency subchannel is associated with a 
respective suheamer on which data may be modulated. The frequency subchannels of 
the OFDM system may also experience frequency selective fading, depending on the 
characteristics (e.g., the mulUpath profile) of the propagation path between the transmit 
and .receive antennas. With OFDM, the ISl due to frequency selective fading may be 
combated by repeating a portion of each OF'DM symbol (i.e., appending a cyclic prefix 
to each OFDM symbol), as is known in the art. 

[1006] For a MIMO system that employs OFDM (i,e, s a M1MO-OFDM system), N F 
frequency subchannels are available for each of the N s spatial subchannels of a MEMO 
channel. Each frequency subchannel of each spatial subchannel may be referred to as a 
transmission channel Up to Np-N$ tiansnnssmn channels may be available .for use at 
any given moment for communication between the multiple-antenna base station and 
the multiple- antenna terminal. 

f.1.007! The M1MO channel between the base station and each terminal typically 
experiences different link characteristics and may thus be associated with different 
transmission capabilities. Moreover, each spatial subchannel may further experience 
frequency selective fading, in which case the frequency subchannels may also be 
associated wtth different transmission capabilities. Thus, the tfamnnv*io« channels 
available to each terminal may have different effective capacities. Efficient use of the 
available resources and higher throughput may be achieved if the Np-Ns available 
transmission channels are effectively allocated such that these channels are utilized by a 
"proper" set of one or more terminals in the MIMO-OFDM system, 
[1008] There is therefore a need in the art for techniques to allocate resources in a 
MEMO-OFDM system to provide high system performance. 



SUMMARY 

[1009] Techniques are provided herein to schedule terminals for data transmission 
on the downlink and/or uplink based on the spatial and/or frequency "signatures'" of the 
terminals. In a MJMO-OFDM system, each "active" terminal desiring data 
transmission in an upcoming time interval may be associated with transmission 
channels having different capabilities doe to different link conditions experienced by the 
terminal Various scheduling schemes are provided herein to select a "proper" set of 
one or more terminals for data transmission on each frequency band and to assign the 
available transmission channels io the selected terminals such that system goals (e.g., 
high throughput. fairness, and so on) are achieved. 

[1010} A scheduler may be designed to form one or more sets of terminals for 
possible (downlink or uplink) data transmission for each of a number of frequency- 
bands. Each set includes one or more active terminals and corresponds to a hypothesis 
to be evaluated. Each frequency band corresponds to a group of one or more frequency 
subchannels m the MIMO-OFDM system. 'The scheduler may further form one or more 
sub-hypotheses for each hypothesis. For the downlink, each sub-hypothesis may 
correspond to specific assignments oF a number of transmit antennas at the base station 
to the one or more terminals in the hypothesis. And for the uplink, each sub-hypothesis 
may correspond to a specific order for processing the uplink data transmissions from the 
one or nktfv. tenmnah m the hypothesis The performance of each suh-hjpothe&is is 
then evaluated (e.g., based on one or more performance metrics, such as a performance 
metric indicative of the overall throughput for the terminals in the hypothesis). One 
sub-hypothesis is then selected for each frequency band based on the evaluated 
performance, and the one or more terminals in each selected sub-hypothesis are then 
scheduled for data transmission on the corresponding frequency band. 
[1011] The set of one or mom terminals scheduled for (downlink or uplink) data 
transmission on each frequency band may include multiple S1MO terminals, a single 
M3MO terminal, multiple MISO terminals, or a combination of S1MO, MISO, and 
MEMO terminals. A SMO terminal is one scheduled for data transmission via a single 
spatial subchannel in the MXMQ-OFDM system and which employs multiple receive 
antennas and a single transmit antenna, a N1ISG terminal is one utilizing a single receive 
antenna to receive a transmission utilising a single spatial subchannel, and a MIMO 
terminal is one scheduled for data transmission via two or more spatial subchannels. 
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Each SiMQ, MlSO, or Mi MO terminal may be assigned with one or multiple frequency 
bands for data transmission. The available transmission channels are assigned 10 the 
terminals such that the system goals are achieved. 

[1012] Details of various aspects, embodiments, and features oft.be invention are 
described below The invention further provides methods, computet' products, 
schedulers, base stations, terminals, systems, and apparatuses that implement various 
aspects, embodiments; and features of the invention, as described in further detail 
below. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[1013] The features, nature, and advantages of the present invention will become- 
more apparent from the detailed description set forth below when taken in conjunction 
with the drawings in which like reference characters identify correspondingly 
throughout and wherein; 

[10143 FIG. 1 is a diagram of a MIMO-OFDM system; 

[1015] FIG. 2 is a flow diagram of a process to schedule terminals for downlink 
data transmission; 

{1016] FIG, 3 is a flow diagram of a process to assign transmit antennas to terminals 
using a ''max -max 5 ' criterion; 

[1017] FIG. 4 is a flow diagram for a priority-based downlink scheduling scheme 

whereby a set of N T highest priority terminals is considered for scheduling; 

11018] FIG. 5 is a flow diagram of a process to schedule terminals tor uplink 

transmission; 

[1019] FIGS. 6A and 6B are flow diagrams for two successive cancellation receiver 

processing schemes whereby the processing order is (1) imposed by an ordered set of 

terminals and (2) determined based on the past-processed $NRs } respectively; 

[1020] FIG, 7 is a flow diagram for a priority-based uplink scheduling scheme 

whereby a set of N? highest priority terminals is considered for scheduling; 

[1021] PIGS. SA and SB are block diagrams of a base station and two terminals for 

downlink and uplink data transmission, respectively; 

[1022J FIG. 9 is a block diagram of an embodiment of a transmitter unit; and 
(1023] FIGS. iOA and 10.B are block diagrams of two embodiments of a receiver 
unit without and with successive cancellation receiver processing, respectively; 
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DETAILED DESCRIPTION 

[1024] FiG. 1 is a diagram of a multiple-input multiple-output communication 
system 100 that utilizes orthogonal frequency division multiplexing (i.e., a MISVJO- 
OFDM system). MIMO-OFDM system 100 employs multiple (N T ) transmit antennas 
and multiple (N fi .) receive antennas for data transmission, MIMO-OFDM system 100 
.may be a multiple-access communication system having one or more base stations (BS) 
104 that can concurrently communicate with one or more terminals (T) 106 (only one 
base station is shown in FIG, 1 for simplicity). The base stations may also be referred 
to as access points, UTRAN, or some other terminology, and the terminals may also be 
referred to as handsets, mobile stations, remote stations, user equipment, or some other 
terminology. 

[1025] Bach base station 104 employs multiple antennas and represents the 
multiple-input (Ml) for downlink transmissions from the base station to the terminals 
and the multiple -output (MO) for uplink transmissions from the terminals to the base 
station. A set. of one or more "communicating" terminals 106 collectively represents the 
multiple-output for downlink transmissions and the multiple-input tor uplink 
transmissions. As used herein, a communicating terminal is one that transmits and/or 
receive? user-specific data to/from the base station, and an "active" terminal is one that 
desires downlink and/or uplink data transmission in an upcoming or future time slot. 
Active terminals may include terminals that are currently communicating, 
[1026] For the example shown in HG. 1, base station 104 concurrently 
communicates with terminals 106a through 106d (as indicated by the solid lines) vh the 
multiple antennas available at the base station and the one or more antennas available at 
each communicating terminal. Terminals 106e through .106h may receive pilots and/or 
other signaling information from base station 104 (as indicated by the dashed lines), but 
are not transmitting or receiving user-specific data to/from the base station, 
11027] For the downlink, the base station employs KV antennas and each 
communicating terminal employs i or N R antennas for reception of one or more data 
streams from the base station. In general. N K can be any integer two or greater. A 
MIMO channel formed by the N T transmit antennas and Nr receive antennas may be 
decomposed into N$ independent channels,, with Ns S' min {N T , Nr}. Each such 
independent channel may be referred to as a spatial subchannel of the MIMO channel. 
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|H)2S] For the down link, the number of receive antennas at a communicating 
terminal may be equal to or greater than the number of transmit antennas at ihe base 
station (i.e., N K > Nt)- For such a terminal, the number of spatial subchannels is 
limited by the number of transmit antennas at the base station. Each multi-antenna 
terminal communicates with the base station via a .respective MIMO channel formed by 
the base station's Nt transmit antennas and its own Nr receive antennas. However, 
even if multiple multi-antenna terminals are selected for downlink data transmission, 
only N$ spatial subchannels aie available regardless of ihe number of terminals 
receiving the downlink transmission. The. terminals to be considered for downlink data 
transmission need not all be equipped with equal number of receive antennas. 
[1029] For the downlink, the number of receive antennas at a communicating 
terminal may also be less than the number of transmit antennas at the base station (i.e., 
Nr < N T ). In particular, a MISO terminal employs a single receive antenna (Nr ~ 1) for 
downlink data transmission. The base station may then employ beam steering and 
space division multiple access (SDMA) to communicate simultaneously with a number 
of MISO terminals, as described below, 

[1030] For the upitnk, each communicating terminal may employ a single antenna 
or multiple antennas for uplink data transmission. Each terminal may also utilize all or 
only a subset of its available antennas for uplink transmission. At any given moment 
the N r transmit antennas for the uplmk ate formed In ail antennas used b> one or more 
communicating terminals. The MEMO channel is then formed by the Nr transmit 
antennas from ah communicating terminals and the base station's N R receive antennas. 
The number of spatial subchannels is limited by the number of transmit antennas, which 
in turn is limited by the number of receive antennas at die base station (i,e<> < min 
(Mr , N K )).. 

(1031] With SDMA, the "spatial signatures'" associated with different tennmaK are 
exploited to allow multiple terminals to operate simultaneously on the same channel 
which may be a lime slot, a frequency band, a code channel, and so on. A spatial 
signature constitutes a complete RP characterization of the propagation path between 
each transmit-rece-ive antenna pair to be used for data transmission, On the downlink, 
the spatial signatures may be derived at the terminals and reported to the base siafiom 
The base station may then process these spatial signatures to select terminals for data 
transmission on the same channel, and to derive mutually "ormogonaH steeling vectors 
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for each of the independent data streams to be transmitted to the selected terminals. On 
the uplink, the base station may derive the spatial signatures of the different terminals. 
The base station may then process these signatures to schedule terminals for data 
uansrmssion and to turtbe; process the transmissions trum the scheduled terminal to 
separately demodulate each transmission 

[IS32J If the terminals are equipped with multiple receive antennas such that 
N fi > N- t , then the base station does nut need the spatial signatures of the terminals in 
order to obtain the benefit of SDMA, Ail that may be needed at she base station is 
information from each terminal indicating the "post-processed" SNR associated with the 
signal from each base station transmit antenna, after demodulation at the terminal. The 
SNR estimation process may be facilitated by periodically transmitting a pilot from each 
base station transmit antenna, as described below. 

[10333 As used herein, a SMO terminal is one designated (or scheduled) to transmit 
and/or receive data via a single spatial subchannel and which employs multiple receive 
antenna* for data transmission, a MiSO terminal is one designated to rtwerve a data 
transmission via a single spatial subchannel and which employs a single receive 
antenna, and a MIMO terminal is one designated to transmit and/or receive data via 
multiple spatial subchannels. For the downlink, a SIMO terminal may receive a data 
transmission from a single transmit antenna at the base station, and a MISG terminal 
may recene a data transmission via a beam foimed by the N-i tunwrmi antennas at. the 
base station. And for the uplink, the SIMO terminal may transmit data from one 
antenna at the terminal. 

[.1034] For the M1MO-OFDM system, each spatial subchannel is further partitioned 
into Np frequency subchannels. Each frequency subchannel of each spatial subchannel 
may be referred to as a transmission channel. For both the downlink and uplink, the N T 
transmit antennas may thus be used to transmit up to Np-Ns independent data streams on 
the Nr'Ns transmission channels. Each independent data stream is associated with a 
particular 'Yate", which is indicative of various transmission parameter values such as, 
for example, a specific data rate, a specific coding scheme, a specific modulation 
scheme, and so on, used for die data stream. The rate is typically determined by the 
capacity of the one or more transmission channels used to transmit the data stream. 
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Multi-User OFPM System 
[1035J For a multiple-access OFDM system without M1MO capability, the overall 
system bandwidth, W, is divided into N F orthogonal frequency subchannels, with each 
such subchannel having a bandwidth of W/N P . For this system, a number of terminals 
may share the available spectrum via time division multiplexing (TDM). In a "pure'" 1 
TDM scheme, a single terrains! may be assigned the entire system bandwidth, W, for 
each fixed time interval, which may he referred to as a time slot. Terminals may be 
scheduled for data transmission by allocating time slots on a demand basis. 
Alternatively, for this OFDM system, it is possible to assign only a fraction, N A , of the 
N P frequency subchannels to a given terminal for a given time slot, thus making the 
.remaining (Np - N A ) frequency subchannels in fee same time slot available to other 
terminals. In this way, the TDM access scheme is converted into a hybrid TDM/FDM 
access scheme. 

[1036] Allocating different frequency subchannels to different terminals may 
provide improved performance for frequency selective channel. In the pare TDM 
scheme whereby all N F frequency subchannels are allocated to a single terminal for a 
given rime slot, it. is possible that some of the frequency subchannels associated with 
this terminal could be faded, thereby resulting m low SNR and poor throughput for 
these faded subchannels. However, these same frequency subchannels may have high 
SNR for another terminal m the system since the RF channel is likely to be uncorrected 
from terminal to terminal. If a scheduler has knowledge of the SNR for each active 
terminal and for all N P .frequency subchannels, then it may be possible io maximise 
system throughput by allocating each of the N F frequency subchannels to the terminal 
achieving the best SNR for that subchannel. In practice, certain minimum performance 
requirements typically need to be met for all terminals so that the scheduler would need 
to observe some fairness criteria to ensure that die terminals in the best locations do not 
continually "hog" the resources. 

H 0371 The pure TDM scheduling scheme described above can assign time slots io 
terminals that have favorable fading conditions. For improved performance, the 
scheduler can further consider allocating frequency subchannels to terminals in each 
time slot and possibly allocating transmit power per subchannel. The ability to allocate 
transmit power provides an additional degree of scheduling flexibility that may be used 
to improve performance (e.g., to increase throughput). 
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Sfogle-lteer MIMO-OFPM System 

\WM] For the MMO-OFDM system, the N? frequency subchannels may be used to 
transmit tip to x% independent data streams on each of the N s spatial subchannels. The 
total number of transmission channels is thus Nc ~ Np-N s . For the pure TDM scheme, 
the Nc trans-mission channels may be allocated to a single terminal for each time slot. 
[1039] The Nc transmission channels may be associated with different SNRs and 
may have different transmission capabilities, A fraction of the transmission channels 
may achieve poor SNR. In one scheme, additional redundancy (e.g., a lower rate code) 
may be used for ihe transmission channels with poor SNR to achieve the target packet- 
error rate (PER). The additional redundancy effectively reduces throughput. In another 
scheme, some or all of die transmission channels with poor SNR may be eliminated 
from use, and only a subset of the. available frequency subchannels is selected for use 
for each spatial subchannel. 

11040] The total available transmit power may be allocated uniformly or oon- 
uniformly across the transmission channels to improve throughput. For example, the 
total available transmit power for each transmit antenna may be allocated in a uniform 
or nonuniform manner across the frequency subchannels selected for use for that 
transmit antenna. !n this way, transmit power is not wasted on transmission channels 
dial provide little or no information to allow the receiver to recover the transmitted data. 
The frequency subchannel selection and the power allocation may be implemented on a 
per-transmit antenna basis whereby (1) all or a subset of the N> frequency subchannels 
for each transmit antenna may be selected for use, and (2) the transmit power available 
for each transmit antenna may be uniformly or non- uniformly allocated across the 
selected frequency subchannels. 

[1041] The technique used to process tine leeeived signals at the Teeuvcr can have 
an impact on which transmission channels get selected for use, If a successive, 
equalization and interference cancellation (or "successive cancellation 1 "') receiver 
processing technique (described below) is used at the receiver, then it may be 
advantageous to disable certain transmit antennas in order to increase throughput on the 
link- hi this casts the receive* can deiennme which subset of transmit antennas should 
be used for data transmission and can provide this information to the transmitter via a 
feedback channel. If the RF channel experiences .frequency selective fading, then the 
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>set ot transmit antenna* used U>r one fjujneney subchannel mav rot be the best set to 
use for another frequence subchannel. In this case, the schedule? can select a proper set 
of transmit antennas to use on a per ftequercv subchannel ba?is us oidei to improve 
throughput, 

Maltl-User Ml MO OFDM System 
[1042] Various techniques are described above for (1) allocating different frequency 
subchannels to different terminals in a multi-user OFDM system, and (2) allocating 
transmission channels so a single terminal in a single- user MlMO-OFDM system. 
These techniques may also be used to allocate resources (e.g., transmission channels 
and transmit power) to multiple terminals in a multiple-access MlMO-OFDM system. 
Various scheduling schemes may be designed to achieve high system throughput by 
utilizing these and possibly other techniques for ihe multi-user environment, 
[1043] The system resources may be allocated by selecting the "best"' set of 
terminals for data transmission such that high throughput and/or some other criteria are 
achieved. With frequency selective fading, the resource allocation may be performed 
for each group of one or more frequency subchannels. Resource allocation for each 
fractional portion of the overall system bandwidth may provide additional gains over a 
scheme- that attempts to maximise throughput, on the toial system bandwidth basis (i.e., 
as would be the case for a single carrier M1MO system). 

[.1.044] If the entire system bandwidth is treated as a single frequency channel (e.g„ 
as in a single carrier MLMO system), titers the maximum number of terminals that may 
be scheduled to transmit simultaneously is equal to the number of spatial subchannels, 
which is Ns 5 min Nj-}, "If the sysfem bandwidth is divided into N i3 frequency 
channels (e.g., as in a MlMO-OFDM system), then the maximum number of terminals 
that may be scheduled to transmit simultaneously is N f; 'N S! since each transmission 
channel (i.e., each frequency subchannel of each spatial subchannel) may be allocated to 
a different terminal. And if the system bandwidth is divided into Nq groups of 
frequency subchannels, then the maximum number of terminals that may be scheduled 
to transmit simultaneously is N G -N SJ since each frequency subchannel group of each 
spatial subchannel may be allocated to a different terminal. If the number of terminals 
is less than the maximum number permuted, then multiple transmission enamels may 
be allocated to a given terminal. 
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[1045] Various operating modes may he supported by -the MMO-OPDM system. 
In a MIMO mode, all spatial subchannels of a particular frequency subchannel group 
are allocated to a single MIMO terminal- Multiple MIMO terminal;* may still be 
supported concurrently via the Nq frequency subchannel groups. In an N-SMO mode, 
the Ns spatial subchannels of a particular frequency subchannel group are allocated r.o a 
number of distinct SMC terminals, with each SIMO terminal being assigned one 
spatial subchannel. A given SIMO terminal may be assigned one or more frequency 
subchannel groups of a particular spatial subchannel. In an N-M1SO mode (which may 
also be referred to a multi-user beam-steering mode), the Ns spatial subchannels of a 
particular frequency subchannel group are allocated to a number of distinct MISO 
terminals, with each MfSO terminal being assigned one spatial subchannel Full 
characterization of the iransroit-receive antenna paths may be used to derive distinctive 
beams for the data transmission to these Ml SO terminals. Similarly, a given MISO 
terminal may be assigned one or more frequency subchannel groups of a particular 
spatial subchannel. And in a mixed mode, the Ns spatial subchannels for a particular 
frequency subchannel group may be allocated to a combination of SIMO, MISO, and 
MIMO terminals, with multiple types of terminals being concurrently supported. Any 
combination of operating modes may be supported for a particular Lime slot. For 
example, the MIMO mode may be supported for the first frequency subchannel group, 
the N-SMO mode may be supported for the second frequency subchannel group, the N~ 
MISO mode may be supported for the third frequency subchannel group, the mixed 
mode may be supported for the fourth frequency subchannel group, and so on. By- 
communicating simultaneously with multiple SiMO terminals, multiple MISO 
terminals, one or more MIMO terminals, m a combination of STMQ, MISO, and MEMO 
terminals, the system throughput may be increased. 

[1046] If the propagation environment has sufficient scattering, then MIMO 
receiver processing techniques may be used to efficiently exploit the spatial 
dimensionalities of the MIMO channel to increase transmission capacity. MEMO 
receiver processing techniques may be used whether the base station is communicating 
with one or multiple terminals simultaneously. For the downlink, from a terminal's 
perspective, the same receiver processing techniques may be used to process N T 
different, signals intended for that terminal (if it is a MEMO terminal) or just one of the 
Nx signals (if it is a SIMO terminal), if successive cancellation receiver processing is to 



WO 



1.2 



be used at the terminals, then certain restrictions may apply since a data stream assigned 
to one terminal may not be detected error-free by another ter.rn.hiai. And for the uplink, 
from the base station's perspective, there is no diseernabie difference in processing N T 
different signals from a single MIMO terminal versus processing one signal from each 
of N T different SIMO terminals. 

1.10471 As shown in FIG. 1, the terminals may be randomly distributed in the base 
station's coverage area (or "cell") or may be co-located. For a wireless communication 
system, the link characteristics typically vary over time due to a number of factors such 
as fading and timltipath. At a particular instant in time, the response for a MIMO 
channel formed by an array of N T transmit antennas and an array of N& receive antennas 
may be characterized by a matrix U(k) whose elements are composed of independent 
Gaussian random variables, as follows; 



For the downlink, the array of Nf T transmit antennas is at the base station, and the array 
of N R receive antennas may be formed at a single SIMO or MIMO terminal (for the N- 
SIMO or MIMO mode) or at multiple MISO terminals (for the N-MESO mode). And 
for the uplink, the transmit antenna array is formed by the antennas used by al! 
communicating terminals, and the receive antenna array is at the base station. In 
equation (1), Bik) is the channel response matrix for the MEMO channel for the k-th 
frequency subchannel group, and ^Jk} is the coupling (i.e., the complex gain) 
between the _/-ih transmit antenna and the Mh receive antenna for the k~ih frequency 
subchannel group. 

[104S] Each frequency subchannel group may include one or more frequency 
subchannels and corresponds to a particular frequency band of the overall system 
bandwidth. Depending on the particular system design, there maybe (1) only one group 
with all N ? frequency subchannels, or (2) N? groups, with each group having a single 
frequency subchannel, or (3) any number of groups between 1 and N F . The number of 
frequency subchannel groups. No. can thus range between ! and N t r, inclusive (i.e, 3 1 < 
N<3 s Np). Each group may include any number of frequency subchannels, and the No 
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groups may include the same or different number of frequency subchannels. Moreover, 
each group may include any combination of frequency subchannels (e.g., the frequency 
subchannels for a group need not be adjacent 1.0 one another). 

[.1049] As shown in equation (1), the MIMO channel response for each frequency 
subchannel group may be represented with a respective matrix Uik) having N K xN. { 
elements corresponding to the number of receive antennas and the number of transmit 
antennas. Each element of the matrix M(k) describes the response for a respective 
transrait-receive antenna pair for the k~th frequency subchannel group. For a flat fading 
channel <c.>r when N CJ = I \. one complex value may he used for the enthe system 
bandwidth (i.e., for all Np frequency subchannels) for each iransmit-receive antenna 
pair. 

£1050] In an actual operating environment, the channel response typically varies 
across the system bandwidth, and a more detailed channel characterization may be used, 
for the MIMO channel. Thus, for a frequency selective fading channel, one channel 
response matrix Uik) may be provided for each frequency subchannel group. 
Alternatively, a channel impulse response matrix, #T(r), may he provided for the 
MIMO channel, with each element of this matrix corresponding to a sequence of values 
indicative of the sampled impulse response for a respective transraii-receive antenna 
pair. 

[1051} The receiver may periodically estimate the channel response for each 
iransmit-recetve antenna pair. The channel estimates may be facilitated in a number of 
ways such as, for example, with the use of pilot and/or data decision directed techniques 
known in the art. channel estimates may comprtR- the complex-value channel 
response estimate (e.g., the gain and phase) for each frequency subchannel group of 
each transmit-receive antenna pair, as shown in equation (1). The channel estimates 
provide information on the transmission characteristics of (e.g., what, data rate Is 
supportable by) each spatial subchannel for each frequency subchannel group. 
[1052] The information given by the channel estimates may also be distilled into f 1) 
a post -processed signal-lo-noise-and-mverference ratio (SNR) estimate (described 
below) for each, spatial subchannel of each frequency subchannel group, and/or (2) some 
other statistic that allows the transmitter to select the proper rate for each independent 
data stream. This process of deriving the essentia) statistic may reduce the amount of 
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data required to characterize a MIMO channel. The complex channel gains and the 
post-processed SNRs represent different forms of channel state information (CSL) that 
may be reported by the receiver to the transmitter. For lime division duplexed (TDD) 
systems, the transmitter may be able to derive or infer some of the channel state 
information "based on transmission (e.g., a pilot) from the receiver since there may be 
sufficient degree of correlation between the downlink and uplink for such systems, as 
described below. Other forms of CSI may also be derived and reported and ate 
described below. 

11053] The aggregate CSI received from the receivers may be used to achieve high 
throughput by assigning a proper set of one or mom terminals to the available 
transmission channels such that they are allowed to communicate simultaneously with 
the base station. A scheduler can evaluate which specific combination of terminals 
provides the best system performance (e.g., the highest throughput) subject to any 
system constraints and requirements. 

[.1054] By exploiting the spatial and frequency Signatures" of die individual 
terminals (i.e., their channel response estimates, which may be a function of frequency), 
fite average throughput can be increased relative to that achieved by a single terminal 
Furthermore, by exploiting multi-user diversity, the scheduler can identify combinations 
of "mutually compatible'' terminals thai can be allowed to communicate at the same 
time on the same channel, effectively enhancing system capacity relative to single-user 
scheduling and random scheduling for multiple users. 

[3.0551 The terminals may be scheduled for data transmission based on various 
factors. One set of factors may relate to system constraints and requirements such as the 
desired quality of service (QoS), maximum latency, average throughput, and so on. 
Some or all of these factors may need to be satisfied on a per terminal basis (i.e., for 
each terminal) in a multiple-access communication system. Another set of factors may 
relate to system performance, which may be quantified by an average system 
throughput or some other indications of performance. These various factors are 
described in further detail below. 

[1056] For the downlink, the scheduler may (1) select the "best" set of one or more 
terminals for data transmission, (2) assign the available transmission channels to the 
selected terminals, (3) allocate transmit, power uniformly or non-umforaily across the 
assigned transmission channels, and (4) determine the proper rate for each independent 
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data si ream to no transmitted to the selected termmais Foi the uplink, the scheduler 
may (1) select the best set of one or more terminals for data transmission, (2) assign the 
available transmission channels to the selected terminals, (3) determine: the proper order 
for processing the data streams from these selected terminals (if the successive 
cancellation receiver processing technique is used at the base station), and (4) determine 
the rate for each independent data stream from the selected terminals. Various details of 
the resource allocation for the downlink and uplink axe described below. 
[1057] To simplify the scheduling, the terminals may be allocated transmission 
channels (and possibly transmit power) based on their priority. Initially, the active 
terminals may be ranked by their priority, which may be determined based on various 
factors, as described below. 'The N x highest priority terminals may then be considered 
in each scheduling interval. This then allows the scheduler to allocate the available 
transmission channels to just Nx terminals instead of ail active terminals. The resource 
allocation may be further simplified by (1) selecting N x - N s and assigning each 
terminal with all frequency subchannels of one spatial subchannel, or (2) selecting 
N, : = N G and assigning eacii terminal with all spatial subchannels of one frequency 
subchannel group, or (3) making some other simplification. The gains in throughput 
even with some of these simplifications may be substantial compared to the pure TDM 
scheduling scheme fhal allocates all transmission channels to a single terminal tor each 
time slot, particularly if independent frequency selective lading of the N x terminals is 
considered in the resource allocation, 

|I05S] For simplicity, several assumptions are made in the following description. 
Fitst, it is assumed that the average received p^wet for each independent data stream 
may be adjusted to achieve a particular target energy-per-bit-to-tottil-noise-and- 
inferference ratio (Eiy'N t ) after signal processing at the receiver (which is the terminal 
for a downlink transmission and the base station for an uplink transmission). This target 
Eb/N t is often referred to as a power control setpoint ipr simply, the setpoint) and is 
selected to provide a particular level of performance (e.g., a particular PER). The 
setpoint may be achieved by a closed- loop power control mechanism that adjusts the 
transmit powet tor each data stream te.g.. based on a power cornol \ignal from the 
receiver). For simplicity, a common setpoint may be used for all data streams received 
at the receiver. Alternatively, a different setpoint may he used for each data stream, and 
the techniques described herein may be generalized to cover this operating mode. Also, 
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for the uplink, it is assumed that simultaneous transmissions from different terminals are 
synchronized so that the Transmissions arrive ai the base station wumn a prescribed time 
window. 

[1059 J For simplicity, the number of receive antennas is assumed to he equal to the 
number of transmit antennas (i.e., f% - N T ) for the .following description of the N- 
StiVXO and M2MO modes. This is not a necessary condition since the analysis applies 
for the case- where Nr > Nt. For the N-M3SQ mode, the number of receive antennas at 
each MiSO terminal is assumed to be equal to one (i.e., Nr = I). Also for simplicity, 
the number of spatial subchannels is assumed to be equal to (he number of transmit 
antennas (i.e., Ns - Nr). 

[1060| Resource allocation for the downlink comprises (1) selecting one or more 
sets of terminals for evaluation, <2) assigning the available transmission channels to the 
terminals in each set and evaluating performance, and (3) identifying the best set of 
terminals and their transmission channel assignments. Each set may include a number 
of SiMG terminals, a number of MISO terminals, one or more MIMO terminals, or a 
combination of SEVKX MISO, and MIMD terminals. All or only a subset of the active 
terminals may be considered for evaluation, and these terminals may be selected to form 
one or more sets to be evaluated. Each terminal set corresponds to a hypothesis. For 
each hypothesis, the available transmission channels may be assigned to the terminals in 
the hypothesis based on any one of a number of channel assignment schemes. The 
terminals in the best hypothesis may then be scheduled for data transmission in an 
upcoming time slot. The .flexibility in both selecting the best set of terminals fat data 
transmission and assigning fee transmission channels to the selected terminals allows 
the scheduler to exploit multi-user diversity environment to achieve, high performance 
in both flat fading and frequency selective fading channels. 

[10611 In order to determine the "optimum" transmission to a set of terminals, 
SNRs or some other sufficient statistics may be provided for each terminal For the H~ 
SIMO and MIMO modes, where (Nr > N-r), the spatial processing may be performed by 
at the SIMQ and MIMO terminals to separate out the transmitted signals, and the base 
station does not need the spatial signatures of the terminals in order to simultaneously 
transmit multiple data streams on the available spatial subchannels, AH that may be 
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needed at the- base station is the post-processed SNR associated with the signal from 
each bust: station transmit antenna. For clarity, downlink scheduling for SIMO and 
M1MO terrninals is described first, and downlink scheduling for MISO teraunals is 
described subsequently. 

Downlink Scheduling for SiMO and Ml MO Terminate 

[1062! The scheduling For SIMO and MIMQ terminals may be performed based on 
various types ol channel state information, including full -C$1 (e.g., complex channel 
gains) and partial -CS I (e.g., SNRs>. If the statistic to be used for scheduling terminals is 
SNR, then for each set of one or more terminals to he evaluated for data transmission in 
an upcoming time slot, a hypothesis matrix Ijk) of post-processed SNRs for this 
terminal set for the &~th frequency subchannel group may he expressed as; 



where f u {k) is the post- processed SNR for a data stream (hypothetical! y) transmitted 
from the jr~th transmit antenna to the i-th terminal for the £-th frequency subchannel 
group. A set of N<j such matrices T(k), for I < k< No, would then characterize the 
entire frequency and spatial dimensions for this set of terminals. 
[1063] At each terminal in me set being evaluated, N't data streams may be 
('hypothetieaily} transmitted from the N T T transmit antennas for each frequency 
subchannel group and received by that terminal's N R receive antennas. The N K received 
signals at the terminal may be processed using spatial or space -time equalization to 
separate out the N T transmitted data streams for each frequency subchannel group, as 
described below, The SNR of a post-processed data stream (i.e., after the equalization) 
may be estimated and comprises the post-processed SNR for that data stream. For each 
terminal, a set of N T post-processed SNRs may be provided for the N T data streams thai 
may be received by that terminal for each of the N« frequency subchannel groups, 
[1064] In the N~S IMO mode, the N T rows of the hypothesis matrix V(k) correspond 
to N T vectors of SNRs for N T different terminals for the &-ih frequency subchannel 
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group, in this mode, each row of the hypothesis matrix £(&.) gives the SNR of each of 
the N T (hypothetical) data streams from the Nt transmit antennas for the k-th frequency 
subchannel group for one SIMG terminal, in the MIMO mode, the N T rows of the 
hypothesis matrix T(k) correspond to a single vector of SNRs for a single MIMO 
terminal. This SNR vector includes the SNRs for the N T data steams for the £-th 
frequency subchannel group, and may be replicated 3S r r times to form the matrix T(k) , 
And in the mixed mode, for a particular MIMO terminal vo be potentially assigned with 
two or more spatial subchannels for the k-th frequency subchannel group, that 
terminal's vector of SNRs may be replicated such that the SNR vector appears in as 
many rows of the hypothesis matrix Ilk) as the number of spatial subchannels to be 
assigned to the terminal (he,, one row per spattai subchannel). 

[1065 j Alternatively, for all operating modes, one row in the hypothesis .matrix 
T(k) may be used for each SIMO or MIMO terminal, and the scheduler may be 
designed to mark and evaluate these different types of terminals accordingly. For the 
following description, the hypothesis matrix V{k) is assumed to include SNR vectors 
for Nt terminals, where an SIMO terminal is represented as a single terminal in the 
matrix and a MIMO terminal may be represented as two or more of the N T terminals in 
the- matrix. 

[1066] If the successive cancellation receiver processing technique is used at a 
terminal to process the received signals, then the post-processed SNR achieved at the 
terminal for each transmitted data stream for a particular frequency subchannel group 
depends an the order in which the transmitted data streams are detected (i.e., 
demodulated and decoded) to recover the transmitted data, as described below, h\ this 
case, a number of sets of SNRs may be provided for each terminal for a number of 
possible detection ordering*;. Multiple hypothesis matrices T{L) may then be formed 
for each frequency subchannel grof.Jp of each set of terminals, and these matrices may be 
evaluated to determine which specific combination of terminals and detection ordering 
provides the best system performance. 

[1067] hi any case, each hypothesis matrix f'(&) includes the post-processed SNRs 
for a given frequency subchannel group for a specific set of terminals (i.e., hypothesis) 
to be evaluated. These post-processed SNRs represent the SNRs achievable by the 
terminals and are used to evaluate the hypothesis, 
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[1068] For the N-SMO and M3MO modes, each transmit antenna in the base 
station's antenna array may he used to transmit a different data stream on each 
frequency subchannel group using channel state information (e.g., SNRs or some other 
statistics) derived by the terminals in the coverage area. High performance is achieved 
on the basis of the CSI, which is used ro schedule terminals and process data. 
[1069] Various downlink scheduling schemes may be used to allocate resources; 
(e.g., transmission channels) to the aciive terminals. These various schemes include (1) 
an "exhaustive"' scheduling scheme that can asssgu each transmission channel to a 
specific terminal such that "optimum" performance, as determined by some metrics, is 
achieved, (2) a priority- based scheduling scheme that assigns transmission channels 
based on the priority of the active terminals, (3) a FDM-TDM scheduling scheme that 
assigns all spatial subchannels of each frequency subchannel group to a specific 
terminal, and (4) a SDMA-TDM scheduling scheme that, assigns ail frequency 
subchannels of each spatial subchannel to a specific terminal These various downlink 
scheduling schemes are described in further detail below. Other scheduling schemes 
that, can provide good or near-optimum performance, and which may require less 
processing and/or statistic, may also be uses! and this is withm the scope of the 
invention. 

[1070] FIG, 2 is a flow diagram of a process 200 to schedule terminals for downlink 
data tiansmission Pieces;, 200 may be used to implement various downlink scheduling 
schemes, as described below. For clarity, the overall process is described first, and the 
details for some of the steps in the process are described subsequently. 
[I0"j.] hi an embodiment, the transmission channels are assigned to the active 
terminals by evaluating one frequency subchannel group at a time. The first frequency 
subchannel group is considered by setting the frequency index k ~ 1> ar step 210, The 
spatial subchannels for the A-th frequency subchannel group are then assigned to the 
terminals for downlink transmission starting at step 212. For the N-SMO and MIMO 
modes on the downlink, assignment of spatial subchannels to the terminals is equivalent 
to assignment of the base station's transmit antennas to the terminals, since it is 
assumed that Ms » Nt< 

[1072] Initially, one or more performance metrics to he used to select the best set of 
terminals for downlink transmission are initialised, at step 212. Various performance 
metrics may be used to evaluate the terminal sets and some of these are described in 
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further detail below. For example, a performance metric that maximizes system 
throughput, may he used. 

[1073] A new set of one or more active terminals is then selected from among all 
active terminals and considered for transmit antenna assignment, at step 214. This set 
of terminals forms a hypothesis to be evaluated. Various techniques may be used to 
limit the .number of active terminals to be considered for scheduling, which then reduces 
the number of hypotheses to be evaluated, as described below. For each terminal in the 
hypothesis, die SNR. vector, yft) ~\y u (k). Kj.k), J^Ofc)], indicative of the post- 
processed vSNRs for the N T transmit antennas in the k-ih frequency subchannel group is 
retrieved, at step 2.16. For die M1MO mode, a single M30MO terminal is selected for 
evaluation for the k-th frequency subchannel group, and one SNR vector for this 
terminal is retrieved. For the N-SIMO mode, N T SLMO terminals are selected for 
evaluation, and N*- SNR vectors for these terminals are retrieved. And for the mixed 
mode, SNR vectors are retrieved for the SIMO and MMO terminals in the selected set. 
For each M'IMO terminal in tire MIMO and mixed modes., the SNR vector may be 
replicated (or appropriately marked) such that tine number of SNR vectors for this 
terminal is equal io the number of transmit antennas to be assigned to the terminal. The 
SNR vectors for all selected terminals in the hypothesis are used to form the hypothesis 
matrix T(k) shown in equation (2). 

[1074] For each hypothesis matrix lik) for N> transmit antennas and Nr terminals., 
there are N T factorial possible combinations of assignments of transmit antennas to 
terminals (i.e., Nt! sub-hypotheses). Since a M1MO terminal is represented as multiple 
terminals in the matrix T(k) r fewer sub -hypotheses exist if the hypothesis matrix. T(k) 
includes one or more MMO terminals, In any case, a particular new combination of 
antenna/terminal assignments is selected for evaluation, at step 21 S This combination 
includes one antenna assigned to each of the N T terminals. The antenna assignment 
may be performed such that all possible combinations of antenna/terminal assignments 
are eventually evaluated. Alternatively, a specific scheme may be used to assign 
antennas to the terminals, as described below. The new combination of 
antenna/terminal assignments loans a sub-hypothesis to be evaluated. 
[1075] The sub-hypothesis is then evaluated and the performance metric (e.g., the 
system throughput) corresponding to this sub-hypothesis is determined (e.g., based on 
the SNRs for the sub-hypothesis), at step 220. The performance metric corresponding 
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to the best sub-hypothesis is then updated to reflect the performance metric for the 
current sab-hypothesis, at step 222. Specifically, if the performance metric for the 
current sub-hypothesis is better than that for the best sub-hypothesis, then the current 
sub-hypothesis becomes the new best sub- hypothesis, and the performance metric 
terminal metrics, and antenna/terminai assignments corresponding to this sub- 
hypothesis are saved. The performance and terminal metrics are described below. 
1.1076] \ Jetermnsatjon is then nr*dc whether or not all sub-hypotheses fur the 
current hypothesis have been evaluated, at step 224. If all sub-hypotheses have not been 
evaluated, then the process returns to step 21 S and a different and not yet evaluated 
combination of antemia/terminai assignments is selected for evaluation. Steps 21 8 
through 224 are repeated for each sub-hypothesis to be evaluated. 
[1077] If all sub-hypotheses for the current hypothesis have been evaluated, at step 
224, then a determination is next made whether or not all hypotheses have been 
considered for the current frequency subchannel group, at step 226. If all hypotheses 
have not been considered, then the process returns to step 214 and a different and not 
yet cotisldered set of terminals is selected for evaluation, Steps 214 through 226 are 
repeated for each hypothesis to be considered for the current frequency subchannel 
group, 

£307Sj If all hypotheses for the current frequency subchannel group have been 
evaluated, at. step 226, then the results for the best sub-hypothesis for this frequency 
subchannel group are saved, at step 228, The best sub-hypothesis corresponds to a 
specific set of one or mote active terminals that provides tire best performance for the 
frequency subchannel group. 

[1079] If the scheduling scheme requires other system and terminal metrics to be 
maintained (e.g. the average throughput over the past N £J time slots, latency for data 
transmission,, and so on), then these metrics are updated and may be saved, at step 230, 
The terminal metrics may be used to evaluate the performance of the individual 
terminals, and are described below. 

[10801 A determination is then made whether or not all frequency subchannels have 
been assigned for downlink transmission, at. step 232. If all frequency subchannels have 
not been assigned, then the next frequency subchannel group is considered by 
incrementing the index k (i.e., k ~ k +1), at step 234. The process then returns to step 
212 to assign the spatial subchannels of this new frequency subchannel group to the 
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terminals for downlink transmission. Steps 212 through 234 are repeated for each 
frequency subchannel group to be assigned. 

[1081] If all frequency subchannel groups have been assigned, at step 232, men the 
data rates and the- coding and modulation schemes for the terminals in the best sub- 
hypothesis for each frequency subchannel group are determined (e.g., based on their 
post-processed SNRs), at step 236, A schedule indicative of the specific active 
terminals defected for downlink data transmission., their assigned, transmission channels, 
the scheduled time slot(s), the data rates, die coding and modulation scheme?, other 
information, or arty combination thereof, may be formed and communicated to these 
terminals (e.g., via a control channel) prior to she scheduled time slot, also at step 236, 
Alternatively, the active terminals may perform "'blind* 1 detection and attempt to detect 
all transmitted data streams to determine which ones, if any, of the data streams are 
intended for Ihera. The downlink scheduling is typically performed for each scheduling 
interval, which may correspond to one or more time slots, 

[1082] The process shown in FIG. 2 may be used to implement the various 
downlink scheduling schemes described above. For the exhaustive scheduling scheme, 
each available transmission channel may be assigned to any active terminal. This may 
be achieved by considering (1) all possible sets of terminals (i.e.. all possible 
hypotheses) for each frequency subchannel group and (2) all possible antenna 
assignments for each terminal set (i.e., all possible sub-hypotheses). This scheme may 
provide the best performance and most flexibility, but also requires the most processing 
to schedule terminals for downlink data transmission, 

|1083] For the priority -based scheduling scheme, the active, terminals to be 
considered for assignment of transmission channels may be selected based on their 
priority, and the performance metric may also he made a function of the terminal 
priority, as described below. This scheme can reduce the number of terminals to be 
considered for transmission channel assignment, which then reduces scheduling 
complexity. For the FDM-TDM scheduling scheme, one MIMO terminal is assigned all 
of the spatial subchannels for each frequency subchannel group. In tins ease, the 
hypothesis matrix V(k) includes a single- vector of post-processed SNRs for one MIMO 
terminal, and there is only one sub-hypothesis for each hypothesis, And for the SDMA- 
TDM scheduling scheme, all frequency subchannels of each spatial subchannel are 



WO 



23 



assigned to a single terminal, which may be a SIMQ or M3MO terminal. For this 
scheme, steps 2iQ, 212, 232, and 234 in FIG. 2 may be omitted. 
[1084] Fo a jiivu b\potbes,& matrix Fro, the schedule e\alnahA \<m 
combinations of transmit antenna and terminal pairings (i.e., sub-hypotheses) to 
determine the best antenna/termmal assignments for the- hypothesis. Various schemes 
may be used to assign transmit antennas to the terminals to achieve various system goals 
such as fairness, high performance, and so on, 

[1085 j In one antenna assignment scheme, al S possible sub-hypotheses are evaluated 
based on a particular performance metric, and the sub- hypothesis with the best 
performance metric is selected. For each hypothesis matrix there are factorial 
(i.e.. Nt!> possible sub-hypotheses that may be evaluated. Each sub-hypothesis 
corresponds to a specific assignment of each transmit antenna to a particular terminal. 
Each sub- hypothesis may thus be represented with a vector of post-processed SNRs, 
which may he expressed as: 



where Y u {k) is the post-processed SNR for the data stream from the j-th transmit 
antenna to the i-th terminal for the £-th frequency subchannel group, and the subscripts 
{a, b,-... and r] identify the specific terminals in the transmit antenna/terminal pairings 
for the sub-hypothesis. 

[1086] Each sub-hypothesis is further associated with a performance metric, 
R iH) .... h} . f (/c) , which may be a function of various factors. For example, a performance 
metric based on the post- processed SNRs may be expressed as: 



where /(-} is a particular positive real function of the argument(s') within the 
parenthesis, 

{.1.087] Various functions may be used to formulate the performance metric, hi one 
embodiment, a function of the achievable throughput for all N? transmit antennas for the 
sub-hypothesis may be used as the performance metric, which may be expressed as: 
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Eq (5) 



where r,{k) is the throughput associated with the j-th transmit antenna in the sub- 
hypothesis for the kAh frequency subchannel group, and may be expressed as: 



where >:, is a positive con stunt that reflects the fraction of the theoretical capacity 
achieved by the coding and modulation scheme selected for the data stream transmitted 
on the ;-th transmit antenna, and } f R) is the post-proper <1 SKR for the j-th data 
stream on the k-ih frequency subchannel group. 

flOSS) To simplify the scheduling, the resource allocation may be performed based 
on groups of multiple frequency subchannels instead of groups of single frequency 
subchannels. Even if a given group includes multiple frequency subchannels, the 
frequency selective nature of She channel response may be considered in allocating 
resources to the terminals. This may he achieved by evaluating the performance metric 
based on the response for the group of frequency subchannels-.. Foi example, the 
resource allocation may be performed based on groups of frequency subchannels, 
where > 2. The channel response over the frequency subchannels may then be 
used io evaluate the performance metric. If the performance metric is throughput, then 
the summation of the achievable rates in equation (5) may be performed over both 
transmit antennas and frequency subchannels, as follows: 



wheiT- r,(t) is the throughput associated with the j-th transmit antenna in the sub- 
hypothesis for the >~th frequency subchannel and N* is the number of frequency 
subchannels for the k-\h frequency subchannel group. Thus, even if scheduling and 
resource allocation are performed for groups of multiple frequency subchannels, the 
performance of the individual frequency subchannels in each group may be considered 
in the- scheduling. 
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[1089] The first antenna assignment scheme described above and used in FIG. 2 
rcpif s^nte u specific scheme thar Cur evaluate a'l possible tAjmbmaUons of assignment* 
of transmit antennas to terminals. The number of potential sub-hypotheses to be 
evaluated by the scheduler for each hypothesis may be as large as KM, which may then 
result in a large number of total sub-hypotheses to be evaluated since a large number of 
hypotheses may also be considered. 

[1090] The scheduling scheme shown in FIG. 2 performs an exhaustive search to 
determine the sub-hypothesis that provides the "optima!" system performance, as 
quantified by the performance metric used to select the best sob-hypothesis. A number 
of techniques may be used to reduce the complexity of the processing to assign transmit 
antennas to the terminals. One of these techniques is described below, and others may 
also be used and are within the scope of the invention. These techniques may also 
provide high system performance while reducing the amount of processing required to 
assign antennas to terminals. 

[1091] in a second antenna assignment scheme, a maximum-maximum ( ll ma&- 
max") criterion is used to assign transmit antennas to the terminals in the hypothesis 
being evaluated. Using this max-max criterion, each transmit antenna is assigned to the 
terminal that achieves the best SNR for the transmit antenna. The antenna assignment 
may be performed for each frequency subchannel group and for one transmit antenna at 
a time, 

1J092] F3G. 3 is a .flow diagram of a. process 218a to assign transmit antennas to 
terminals for a particular frequency subchannel group using the niax-max criterion. 
Process 218a is performed for a particular hypothesis, which corresponds to a specific 
set. of one or more active terminals to be evaluated. Process 2 !Sa may be used for step 
21 8 in FIG, 2, in which ease only one sub-hypothesis is evaluated for each hypothesis in 
process 20t). 

[1093] Initially, the maximum 5NR in the hypothesis matrix £(k) is determined, at 
step 312. This maximum SNR corresponds to a specific transmit antenna/terminal 
pairing, and the transmit antenna is assigned to this terminal, at step 314, This transmit 
antenna and terminal are then removed from the matrix fjk} , and the matrix is reduced 
to dimension (N T -l)x(N. ( -1} by removing both the column corresponding to the 
transmit antenna and the row corresponding to the terminal just assigned, at step 316. 
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[1094] At step 31 8, a determination is made whether or not ail transmit antennas in 
the hypothesis have been assigned. If all transmit antennas have been assigned, then the 
antenna assignments are provided, at step 320, and the process terminates. Otherwise, 
the process returns to <itep 312 and another transmit antenna is assigned m similar 
manner. 

[1095J Table 1 shows an example matrix F(k) of SNRs derived by the terminals in 
a 4x4 MTMO system in which the base station includes four transmit antennas and each 
terminal includes four receive antenna?. For the antenna assignment scheme based on 
the max max criterion, the best SYR (16 dB) m the original 4^4 mam\ is acnie\cd hv 
transmit antenna 3 and is assigned to terminal 1, as indicated by the shaded box in the 
third row of the fourth column in the table, Transmit antenna 3 and terminal 1 are then 
removed from the matrix. The best SNR (14 dB) in the reduced 3x3 matrix is achieved 
by both transmit antenna* i and 4. which are respectively assigned to terminals 3 and 2. 
The- remaining transmit antenna 2 is then assigned to terminal 4. 
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[.1096] Table 2 shows the antenna assignments vising the max -max criterion for the 
example matrix V(k) shown in Table 1. For terminal J, the best SNR (16 dB) is 
achieved when processing the signal transmitted from transmit antenna 3. The best 
transmit antennas for the other terminals are also indicated in Table 2. The scheduler 
may then use this mfonnation to select the proper coding and modulation scheme to use 
for data transmission. 
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Terminal 


Transmit 
Antenna 


SNR (dB) 


.!. 


B 


16' 
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4: 


14 
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14 
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2 


lis 



[1097] Once the antenna assignments have been made for a particular hypothesis 
matrix V{k) using tht max-max criterion, the performance metiio (e.g., the system 
throughput) corresponding to this hypothesis may be determined (e.g., based on the 
SNRs corresponding to the antenna assignments), as shown in equations (4) through (6). 
This performance metric is updated for each hypothesis in a particular frequency 
subchannel group. When all hypotheses for the frequency subchannel group have been 
evaluated, the best set of terminals <snd antenna assignments nre sehvted for dov, nlmk 
data transmission on the frequency subchannel group m an upcoming time slot. The 
scheduling may be performed for each of the No frequency subchannel groups. 
[1098] The downlink scheduling scheme described in FIGS. 2 and 3 represents a 
specific scheme that evaluates various hypotheses corresponding to various possible .sets 
of active terminals (which may include SIMO and/or MEMO terminals) desiring 
downlink data transmission in an upcoming time slot. The total number of hypotheses 
to be evaluated by the scheduler can be quite large, even for a small number of active 
terminate. In fact, the total number oi hypotheses, N- U y F , can be expressed as; 



Eq (7) 



where Nu is the number of active terminals to be considered for scheduling. For 
example, if N« - 16. N v - 8, and N T ~ 4, then N h yp - 1 120. An exhaustive search may 
be used to determine the particular hypothesis and the particular antenna assignments 
that provide the best system performance, as quantified by the performance metric used 
to select the best hypothesis and antenna assignments. 

[1099] As noted above, other downlink scheduling schemes having reduced 
complexity may also be implemented. These scheduling schemes may also provide 
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high system performance while reducing the amount of processing required to schedule 
terminals for downlink data transmission. 

[1100] In the priority-based scheduling scheme, active tenninais are scheduled for 
data transmission based on their priority. The priority of each active terminal may be 
derived based on one or more metrics (e.g., average throughput), system constraints and 
requirements (e.g., maximum latency), other factors, or a combination thereof, as 
described below. A list may he maintained for ah active terminals desiring data 
transmission in an upcoming time slot. When a terminal desires downlink data 
transmission, it is added to the list and its metrics are initialized (e.g., to zero). The 
metrics of each terminal in the list are thereafter updated at each time slot. Once a 
terminal no longer desires data transmission, it is removed from the list. 
£1101 j For each frequency subchannel group in each time slot, all or a subset of the 
terminals in the list may be considered for scheduling. The specific number of 
terminals to be considered may be selected based on various factors. In one 
embodiment, only the N T highest priority terminals are selected for data transmission. 
Iu another embodiment, the highest N x priority terminals in the list are considered for 
scheduling, where N x > N T . A M1MO terminal may be represented as multiple 
terminals when selecting the N-f or N x highest priority terminals for scheduling. For 
example, if Nr ™ 4 and font independent data streams are transmuted from the base 
station for a given frequency subchannel group, then one SIMO terminal may he 
selected along with a MIMO terminal to be assigned three spatial, subchannels (in which 
case the MIMO terminal is effectively representing three terminals in selecting the four 
highest priority terminals). 

f 1182] FIG. 4 is a flow diagram for a priority-based downlink scheduling scheme 
400 whereby a set of N T highest priority terminals is considered for scheduling for each 
frequency subchannel group. Initially, the first frequency subchannel group is 
considered by setting the frequency index k - 1, at step 4h\ The spatial subchannels 
for trie k-ih frequency subchannel group tire then assigned to the terminals for downlink 
transmission starting at step 412. 

[1103] The scheduler examines the priority for all active terminals in the list and 
selects the set of H T highest priority terminals, at step 412. The remaining active 
terminals in the list are not considered for scheduling for this frequency subchannel 
group in this scheduling interval The channel estimates for each selected terminal are 
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then retrieved, at step 414. For example, the post- processed SNRs for the N T selected 
terminals may be retrieved and used to form the hypothesis matrix Vik ) . 
tii04j The N T transmit antennas are then assigned to the N T selected terminals 
based on the channel estimates and using any one of a number of antenna assignment 
schemes, at step 416. For example, the antenna assignments may be based on an 
exhaustive search or the ma.x-r.nax criterion described above. In another antenna 
assignment scheme- the transmit antennas are assigned to the terminals such that their 
priorities are normalized as close as possible, after the terminal merries are updated. 
[1105] The data rates and the coding and modulation schemes for the terminals are 
then determined based on the antenna assignments, at step 41 S. The metrics of the 
scheduled (and unscheduled) terminals in the list are updated to reflect, the scheduled 
data transmission (and non-transmission, respectively), and the system merries are also 
updated, at step 420. 

£1106] A determination is then made whether or not all frequency subchannels have 
been assigned for downlink transmission, at step 422. ft ail frequency subchannels have 
not been assigned, then the next frequency subchannel group is considered by 
incrementing the index k (i.e., k~k +1), at step 424. The process then returns to step 
412 to assign the spatial subchannels of this new frequency subchannel group to the 
same or a different set. of active terminals. Steps 412 through 424 are repeated for each 
frequency subchannel group to be assigned. 

[11071 If all frequency subchannel groups have been assigned, at step 422, then a 
schedule indicative of the specific active terminals selected for downlink, data 
transmission, their assigned transmission channels, the scheduled time slot(s), the data 
rates, the coding and modulation schemes, and so on, at any combination thereof, may- 
be formed and communicated to these terminals, at step 426. The process then 
terminates for this scheduling interval. 

fHOSj As noted above, the transmit antennas may be assigned to the selected 
terminals for each frequency subchannel group based on various schemes, in one 
antenna assignment scheme, the transmitted antennas ane assigned to achieve high 
system performance and based on the priority of the terminals. 

|1109] Table 3 shows an example of the post-processed SNRs derived by each 
terminal in a hypothesis being considered, which is for a specific frequency subchannel 
group. For terminal 1, the best SNR is achieved vvhen detecting the data stream 
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transmitted from transmit antenna 3, as indicated by the shaded box in ro% 3, column 4 
of the table. The best transmit antennas for other terminals in the hypothesis are also 
indicated by the shading in the boxes. 
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riilOj If each terminal identifies a different transmit antenna from which the best 
post-processed SNR is detected, then the transmit antennas may be assigned to the 
terminals based on their best post-processed SNRs. For the example shown in Table 3, 
terminal i may be assigned to transmit antenna 3, and terminal 2 may be assigned to 
transmit antenna 2. 

[11 II] if more than one terminal prefers the same transmit antenna, then the 
scheduler urn determine the duenna a^signnuuH based on vauou uite^a. (e,g.. t 
fairness, performance metric, and others). For example. Table 3 indicates that the best 
post-processed SNC&s for terminals 3 and 4 occur for the data stream transmitted from 
the same transmit antenna 1. If the objective is to maximize throughput, then the 
scheduler may assign transmit antenna I to terminal 3 and transmit antenna 2 to 
terminal 4, However, if antennas are assigned to achieve fairness, then transmit antenna 
I maybe assigned to terminal 4 if terminal 4 lias higher priority than terminal 3. 
fl.U2] The scheduling for MTMO terminals may also be performed based on full- 
CSJ. In this case, the statistic to be used for scheduling terminals is the complex 
channel gains between the base station's transmit antennas and the terminal's receive 
antennas, which are used to form the channel response matrix, H(£) , shown in equation 
(.1), The scheduling is then performed such that a set of mutually compatible spatial 
signatures i.s selected for each frequency subchannel group. Scheduling of terminals 
based on the channel response matrix, H{k) , is described in further detail below. 
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PowHlmk Scheduling for MiSO Terminals 
(HO] For the N-MISO mode, where (Nr < 1%), complex channel gams between 
the transmit antennas at the base station and the receive antenna(s) at the terminals may 
be used to form the channel response matrix, H(&) , shown in equation (1) for each set 
of MLSO terminals to be evaluated. The selection of MISO terminals for downlink, 
transmission is then performed over the active terminals, and the selection goal is 
mutually compatible spatial signatures over the band of interest- 
[3I14J For the downlink in the multi-user N-MjSO mode, the base station employs 
Nr transmit antennas and (for simplicity) each of the >% MISO terminals to be 
considered for downlink scheduling employs a single receive antenna (i,e., Nr ~ 1). In 
this ease, up to N T terminals may be served by the base station simultaneously on any 
given frequency subchannel group (i.e., %j < N't)- The model of the MLSO channel for 
terminal i may be expressed as; 

y t (k) -= a<£}x(A') 4- n, (*) . Eq (8) 

where > ( (£) is the symbol received by the i-th terminal, for is {1, ,..„ N (j } , on the k-th 
frequency subchannel group; 

x(k} is the transmitted vector (i.e., x s „. % T f ), where is the 

entry transmitted from the. j-th transmit antenna for /e {1, N T }, and 
for any matrix, M , M ! denotes the transpose of M ; 

fi,.(£) is the lxN,. channel response vector for the MISO channel of the i-th 
terminal for the £-t.h frequency subchannel group, where element /i, ; is 
the coupling (i.e., the complex gain) between the j-th transmit antenna 

and the receive antenna of the i-th terminal; for ?"€ {1 N t ,} and 

/ell, ..„ N t l; and 

.«,{£} is the additive white Gaussian noise (AWGN) for the k-ih frequency 
subchannel group of the i-th terminal, which has a mean of 0 and a 
variance of <xr - 

[1115] For simplicity, each frequency subchannel group is assumed to be a fiat- 
fading, narrowband channel that ran be represented b> a constant eomple\ value. 
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Therefore, the elements of ihc channel response vector, !!,{&), for U> „. t N L! i ( are- 
scalars. in addition. It is assumed that there is a maximum power limit on each transmit 
antenna, which is denoted as P^,, for ;e R, ... t N T } . The transmit power on antenna 
/ at any given time is denoted as P t . where P. < P^ : - 

£1116] 'The Nt data streams transmitted from the N-j transmit antennas for each 
frequency subchannel group can interfere with each other at the receive amentia of each 
terminal according to the channel response vectors, H { (£) - Without any pre-processing 
at the base station, the different data streams intended for different MISO terminals are 
-subject to interference, which is referred to as multi-access interference (MAI),. 
Because each MISO terminal employs only one receive antenna, all spatial processing 
aimed at combating the channel and MAI needs to he performed at. tire transmitter, 
\V\ 1.7] If the base station has knowledge of the channel response vector, H f (k) , for 
each MISO terminal to he considered for downlink scheduling (i.e., full channel state 
information), one technique for eliminating or reducing the MAI is by use of channel 
correlation matrix inversion (CCMll 

[HIS] The transmit vector at the base station is x(X)- j^U-) x : {k) ... \ t} {k)] ! . 
where {-?,(£)} is the entry transmitted from the Mh transmit atrtetma for the kAh 
frequency subchannel group. Denoting the data stream intended for terminal i by 
d s (k). the actual data vector is (HJcJ-ld^ik) d 2 {k) ... d nn (k)} 7 , where the relationship 
between the data vector and the transmitted vector is may be expressed as; 



where A{k) is an N T xN y CCM matrix and Sik) is an N L; xK t , scaling matrix. Hie 
CCMJ matrix may be- viewed as including a number of sieermg vectors, one for each 
MISO terminal, with each, steering vector being used to generate a beam for a respective 
MISO terminal. The CCMl technique decorreiates the data streams for the MISO 
terminals, and the solution for A(k) may be expressed as: 



x(fr)=A(*)S(ifc)d(fc) . 



Bq(9) 




Eq (10) 



where H(A-} = 



E-Ak) 
M 



is an N v xN r matrix that holds the channel response vectors 



of the set of No MISO terminals being considered for downlink scheduling tor the 
current, hypothesis. 

[1 119\ The solution for A(k) does not require H(£) to be a square matrix, which is 
the ease when N„ ^N T . However, if Mik) is a square matrix, then the solution in 
equation (10) can be rewritten as A{k) = B" x (k) .. where H" 3 (k) is the inverse of Hffc), 
so that H~ } (&)H(A-) - M{^B~ l <£) = I , where I is the square identity matrix with ones 
on the diagonal and zeros elsewhere. 

ill 20] Because there is a power limit, of , on each transmit antenna 
./£ il, ..„ R,-} , it may be necessary to scale the rows of A(k) to ensure that the power 
used on transmit antenna j\ P. , does not exceed 1%^ . . However, in order to maintain 
the orthogonality between the rows of M(k) and the columns of Ajk), all entries 
within each column of A(k) need be scaled by the same value. The scaling is 
accomplished by the scaling matrix, B(k), in equation (9), which has the following 
i'oitn: 



5j (k) 0 \ 0 

0 S.,(k) A 0 

M M O M 

0 0 A Sa.Ofc) 



Eq(ll) 



where the scale value S-(k) multiplies data stream d,(k). The set of scale values, 
{S. (k)} , can be obtained by solving the following set of equations 



diag {{Mk-miim^M^t^j^ , 



Eq(J2) 



where P 1!SSlt (fc) = iP^ik) P m ^ 2 (k) A (k)} T and i 5 ^ is Use maximum 

power allocated To the k-lh frequency subchannel group for the j-\h transmit antenna. 
The values S t (k) can be solved for from equation (12) and ensure that the power used 
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on each transmit antenna for the k-th frequency subchannel group does not exceed 

[1121] The total transmit power, P my . ; , for each transmit antenna may be allocated 
to the No frequency subchannel groups in various .manners. In one embodiment, the 
total transmit power ts allocated equally among the N« frequency subchannel groups 
such that P,ik) - P^ , /N G - In another embodiment, the total transmit power can be 
allocated unequally among the N« frequency subchannel groups while maintaining 

2 ^ (*) - - The total transmit power, > may be allocated based on various 

techniques, including a "water-pouring" or "water-filling" technique that allocates 
transmit power such that throughput is roa&imiaecL The water-pouring technique is 
described by Robert G. Gallager in 'Information Theory and Reliable Communication," 
John Wiley and Sons, 1968, which is incorporated herein by reference. A specific 
algorithm for performing the basic water-pouring process for a MIMO-OEDM system is 
described in U.S. Patent Application Serial No, 09/978,337, entitled "Method and 
Apparatus for Determining Power Allocation in a MIMO Communication System" 
Filed October 15, 2001.. assigned to the assignee of the present application and 
incorporated herein by reference. Transmit power allocation is also described m U.S. 
Patent Application Serial No. 10/017,308 entitled : "Time-Domain Transmit and Receive 
Processing with Channel Eigen-mode Decomposition for M1MQ Systems," filed 
December 7, 2001, assigned to the assignee of the present application and incorporated 
herem by reference. The optimum allocation of the total transmit power, P mn .,< for 
each of the N't transmit antennas among the frequency subchannel groups is 
typically complex, and iterative techniques maybe used to solve for the optimum power 
allocation.. 

(1122] Substituting equation (9) into equation (8), the expression for the received 
symbol for terminal / may be expressed as: 

(*) = S, (A)A(*)S<*)d (*) -r n. (k) , Hq { 1 3) 

which simplifies to 



Eq (14) 
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since U,{k) is orthogonal to all, except the /-th, columns of A(k") ■ 

11123] The resulting SNR tot tenmm-J t tor the k~th trcqumry .subchannel group 

mav be expressed as: 

[1124] ]ji selecting a set of MISO terminals having mutually compatible spatial 
signatures Tor downlink data transmission on a given frequency subchannel group, the 
above analysis may be performed for each set of MXSO terminals to be evaluated (i.e., 
each hypothesis). The SNR for each terminal in the set may be determined as shown in 
equation (15). This SNR may be used in a performance metric, such as the one based 
on throughput shown above in equations (5) and (6). Mutual compatibility may thus be 
defined based on throughput or some other criteria (e.g., the most mutually compatible 
MISQ terminals, may be the ones that, achieve the highest overall throughput), 
[1125] The MISO term nals maj also he scheduled for downlink data tiansmKsion 
based on their priorities. In this case, the above description for scheduling SIMO and 
MIMO terminals based on priority may also be applied for scheduling M1SO terminals. 
For example, the Nt highest priority MISQ terminals may be considered for scheduling 
fot each frequency subchannel group, 

[1126] Other techniques to generate multiple beams for multiple tenninals may aiso 
be used, and this is within the scope of the invention. For example, the beam steering 
may be performed based on a minimum mean square error (MMSE) technique. The 
CCMI and 'MMSE techniques are described in detail in LIS. Patent Application Serial 
No. U.S. Patent Application Serial Nos. 09/826,48 J and 09/956,449, both entitled 
"Method and Apparatus for Utilizing Channel State Information in a Wireless 
Communication System " respectively filed March 23, 2001 and September IS, 200 i, 
both assigned to the assignee of the present application and incorporated herein by 
reference. 

[11271 "Data transmission to multiple terminals concurrently based on spatial 
signatures is also described in U.S. Patent. No. 5,515,378, entitled "Spatial Division 
Multiple Access Wireless Communication System," issued May 7. 1996, which m 
incorporated herein b\ teference 
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[1.128] The beam-steering technique described above for MISO terminals may also 
be used for MiMO terminals. 

{1129} The ability to schedule MISO terminals on a per f requency subchannel group 
basis can result in improved system performance since the frequency signatures of the 
MISO terminals may be exploited in selecting the set of mutually compatible terminals 
for each frequency subchannel group. 

[1.130] The techniques described above may be generalized to handle a combination 
of SiMO, MISO, and MIMO terminals. For example, if four transmit antennas are 
available at the base station, then four independent data streams may be transmitted to a 
single 4x4 MIMO terminal, two 2x4 MIMO terminals, four 1x4 SIMO terminals, four 
4x1 MISO terminals, one 2x4 MIMO terminal and two 1x4 SIMO terminals, or any 
other combination of terminals designated to receive a total of four data streams for 
each frequency subchannel gtoup. The scheduler can be designed to select the best, 
combination of terminals based on the post-processed SNRs for various hypothesized 
sets of terminals, where each hypothesized set may include a mixture of SIMO, MISO, 
and MIMO terminals. 

[11311 Various metrics and factors may be used to determine the priority of the 
active terminals. In an embodiment, a "score" may be maintained for each active 
terminal and .for each metric to be used for scheduling, in one embodiment, a score 
indicative of an average throughput over a particular averaging time interval is 
maintained for each active terminal hi one implementation, the scorn for 
terminal i at time slot n is computed as a linear average throughput achieved over Np 
prior time slots, and may be expressed as; 




Bq<M 



where ?:(») is the "realized" data rate (in unit of bits/time slot) for terminal i at time slot 
n and may be computed based on the post -processed SNRs as shown in equation (6). 
Typically, n(n) is bound by a particular maximum achievable data rate, f fW , and a 
particular minimum data rate (e.g., zero). In another implementation, the score $(»} 
for terminal i at time slot n is an exponential average throughput achieved, over some 
Lime interval, and may be expressed as; 



3? 

f, 00 = (1 - * p, ( « - i ) + a> r. ( n ) I , Eq ( 1 7) 

when? a is u time constant for the exponential averaging, with a larger value for a 
corresponding to a shorter averaging time interval 

[1132] When a terminal desires data transmission, it is added to the active terminals 
list and its score is initialised to zero. The score for each active terminal in the list may 
subsequently be updated at each time slot. Whenever an active terminal is not 
scheduled for transmission in a given time slot, its data rate for the time slot is set to 
zero (i.e.. r s (n) ~ 0) and its score is updated accordingly. If the data packet transmitted 
in a scheduled time slot is received in error by a leomnal, then the terminal's effective 
data rate for that time slot may be set to zero. The packet error may not be known 
immediately (e.g., due to round trip delay of an acknowledgment/negative 
acknowledgment (Ack/ft&k) scheme used for the data transmission) but the score can be 
adjusted accordingly once this information is available. 

[H33] The priority for the active terminals may also be determined based .in part on 
system constraints and requirements. Fot example, if fhc maximum latency for a 
particular terminal exceeds a threshold value, then the terminal may be elevated to a 
high priority. 

[1 134] Other factors may also be considered in determining the priority of the active 
terminals. One such factor may be related to the type of data to be transmitted to the 
tenninak Delay sensitive data maj be associated with higher priority, and de!a> 
insensitive data may be associated with lower priority. Retransmitted data due to 
decoding errors in a prior transmission may also be associated with higher priority since 
other processes may be waiting at the terminal for the retransmitted data. Another 
factor may be related to the type- of data service being provided for the terminals. Other 
factors may also be considered in determining priority and are within the scope of the 
invention. 

[1135] The priority of an active ienmnal may thus be a function of any combination 
of (1) the score maintained for the terminal for each metric to be considered, (2) other 
parameter values maintained for system constraints and requirements, and (3) other 
factors. hi one embodiment, the system constraints and requirements represent ''hard" 
values (i.e., high or low priority, depending on whether or not the constraints and 
requirements have been violated) and the scores represent "soft" values. For this 



38 

embodiment, terminals for which the system constraints and requirements have not been 
met may he immediately considered, along with other termmals based on their scores. 
[11363 A priority-based scheduling scheme may be designed to achieve equal 
average throughput (e.g., equal quality of service or QoS) for all active terminals in the 
list, hi this case, the active terminals are prioritized based on their achieved average 
throughput, which may be determined as shown in equation (16) or (17). In this 
priority-based scheduling scheme, the scheduler uses the scores to prioritize terminals 
for assignment to the available transmission channels. The scores of the te.rrn.mals are 
updated b-ased on their assignments or non assignments to transmission channels and 
may further be adjusted for packet errors. The active terminals in the list may be 
prioritized such that the terminal with the, lowest score is given the highest priority, and 
the terminal with the highest score is conversely given the lowest priority. Other 
methods for ranking terminals may also be used. The prioritization may also assign 
non-uniform weighting factors to the terminal scores, 

f!137j For a downlink scheduling scheme in which terminals are selected and 
scheduled foi data transmission based >t. their pnouty, it is po^ibte tor pour rearmal 
groupings to occur occasionally, A "poof terminal set is one that results in similar 
channel response matrices B(k) which cause poor SNTRs for aii terminals on all 
transmitted data streams. This then results in low throughput for each terminal in the set 
and low overall system throughput. When this occurs, the priorities of the terminals 
ma) not change substantially over several time slots, Th** scheduler may then be stuck 
with this particular terminal set until the priorities of the terminals change sufficiently to 
cause a change in membership in the set. 

fi!3S] To avoid the "clustering" effect described above, the scheduler can be 
designed to recognize this condition prior to assigning terminals to the available 
transmission channels and/or to detect the condition once it has occurred. A number of 
schemes may be used to determine the degree of linear dependence m the. channel 
response matrices H(k). One scheme to detect clustering is to apply a particular 
threshold to the hypothesis matrix V(k) . ff all or a substantial number of SNRs in the 
matrix £(k") are below this threshold, then the clustering condition is deemed io be 
present In the event that the clustering condition is detected, the scheduler can reorder 
the terminals (e.g., in a random manner) in an attempt to reduce the linear dependence 
in the hypothesis matrix. A shuffling scheme may also be devised to force the scheduler 
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to select, terminal sets that result in "good" hypothesis matrices (i.e., ones that have 
minimal amount of linear dependence), 

[1139] The scheduling of terminals for downlink data transmission and the 
scheduling of terminals based on priority are also described in U.S. Patent Application 
Serial No. 09/859,345, entitled "Method and Apparatus for Allocating Downlink 
Resources in a Multiple- Input Multiple-Output (MIMO) Communication System," filed 
May 16, 200.1; U.S. Patent Application Serial No. 09/539,157, entitled "Method and 
Apparatus for Controlling Transmissions of a Communications System," filed March 
30, 2000; and U.S. Patent Application Serial No. 09/675,706, entitled "Method and 
Apparatus for Determining Available- Transmit. Power in a Wireless Communication 
System" filed September 29, 2000, all assigned to the assignee of the present 
application and incorporated herein by reference. 

[1140] Some of the downlink scheduling schemes described above employ 
techniques to reduce the amount, of processing required to select terminals for 
evaluation and assign transmission channels to the selected terminals. These and other 
techniques may also be combined to derive other scheduling schemes, and this is within 
the scope of" the invention. For example, the Nx highest priority terminals may be 
considered for scheduling using any one of the schemes described above. 
[1141 J For the downlink scheduling schemes described above, the total available 
transmit power for each transmit, antenna is assumed to be allocated uniformly across all 
frequency subchannels selected for use for downlink data transmission. However, this 
uniform transmit power allocation is not a .requirement. Other downlink scheduling 
schemes that select terminals for data transmission, assign transmission channels to the 
selected terminals, and further allocate transmit power to the assigned transmission 
channels may also be devised. Some of these scheduling schemes are described below. 
[1142] lo one downlink scheduling scheme with non-uniform transmit power 
allocation, only transmission channels with achieved SNRs above a particular threshold 
SNR are selected for use, and transmission channels with achieved SNRs below this 
threshold SNR are not used. This scheme may be used to remove poor transmission 
channels with limited transmission capabilities by allocating no transmit, power to these 
transmission channels. The total available transmit power may then be allocated 
uniformly or nonuniform iy across the selected transmission channels. 
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[1.1.43] In another downlink scheduling scheme, the transmit power is allocated such 
that approximately equal SNRs are achieved for all transmission channels used to 
transmit each data stream, A particular data stream may he transmitted via multiple 
transmission channels (i.e., via multiple spatial subchannels and/or multiple frequency 
subchannels), and these transmission channels may achieve different SNRs if equal 
transmit power is allocated to these transmission channels. By allocating different 
amounts of transmit power to these transmission channels, approximately equal SNRs 
may be achieved which would then allow a single common coding and modulation 
scheme to be used for the data stream transmitted on these transmission channels, In 
effect, the unequal power allocation performs a channel inversion on the transmission 
channels such that they appear as being similar at the receiver, Channel inversion of all 
transmission channels and the channel smotsian of only the selected tiansiruswon 
channels are described in IIS, Patent Application Serial No. 09/860,27"). filed May 17, 
2001, U.S. Patent Application Serial No. 09/881,610, filed June 14, 2001, and U.S. 
Patent Application Serial No, 0W892,3?9, filed June 26, 2001, all three entitled 
"Method and Apparatus for Processing Data for Transmission in a Multi-Channel 
Communication System Using Selective Channel Inversion," assigned to the assignee of 
the present application, and incorporated herein by reference. 

[.1,144] In yet another downlink scheduling scheme, the transmit power may be 
allocated such mat a desired data rate is achieved for each of the scheduled terminals. 
For example, more transmit power may be allocated to terminals with higher priority 
and less transmit power may be allocated to terminals with lower priority. 
[1.1.45] In yet another downlink scheduling scheme, the transmit power may be 
allocated non-uniformly to achieve high throughput. High system throughput may be 
achieved by allocating more transmit power to better transmission channels and less 
transmit power to poor transmission channels. The "optimum" allocation of transmit 
power to transmission channels of varying capacities may be performed based on the 
water-pouring technique. A scheme for allocating transmit power based on water 
pouring is described in the aforementioned U.S. Patent Application Serial No. 
09/978337, 

[1146 j Other downlink scheduling schemes that also allocate transmit power in a 
Qon-uniform manner to achieve, the desired results may also be implemented, and this is 
within the scope of the invention, 
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[1347] Typically, the terminals determine their post-processed SNSs from some 
"assumed" power allocation, which may be the fixed power used for the pilot 
transmitted from the base station. Therefore, if the powers used for data transmission 
deviate from the assumed powers, then the post- processed SNRs will be different 
Since the data rates used for the data transmission are based largely on the post- 
processed SNRs, the actual data rates rnay be sent to the terminals (e.g., in the preamble 
of a data packet). The terminals may also perform "blind" rate detection and attempt io 
process the received data ftansmission at various possible data rates until the data 
transmission is either received correctly or cannot be recovered error-free for all 
possible rates. Changing the transmit power in a given spatial subchannel can impact 
the post-processed SNR of another spatial subchannel in the same frequency subchannel 
group, and this effect can be considered in selecting terminals for data transmission, 
[1148] "Water-filling.'' power allocation may also be used to allocate the available 
transmit power among the transmission channels such that throughput is maximized. 
The water-filling process may be performed m various manners such as (1) across ail 
frequency subchannel groups for each spatial subchannel, (2) across all spatial 
subchannels for each frequency subchannel group, (3) across ail frequency subchannels 
of ail spatial subchannels, or (4) over some denned set of transmission channels. For 
example, the water-filling may be performed across a set of transmission channels used 
for a single data stream targeted for a particular terminal. 

|"il49] With partial-OSI schemes (e.g.., those that use post- processed SNRs), there is 
a per antenna constraint on the allocation of transmit power. So for a multi-user ease, 
the transmit powers may be allocated/reallocated (i) among multiple terminals 
scheduled on the same transmit antenna, (2) among the multiple transmission channels 
assigned to each scheduled terminal (with the total power allocated to each terminal 
being fixed), or (3) based on some other allocation scheme. For full-CSI schemes (e.g„ 
those based on channel gains), additional flexibility is available since the transmit 
power may be reallocated across transmit antennas (i.e., eigenraodes) as well as across 
frequency subchannel groups. The allocation/realiocation of transmit power among 
multiple terminals then takes on an additional dimension. 

[1150] Thus,, more complex downlink scheduling schemes that may be able to 
achieve throughput closer to optimum may be devised. These scheduling schemes may 
evaluate a large number of hypotheses and antenna assignments (and possibly different 
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transmit power allocations) in order to determine the best, set of terminals and the best 
antenna assignments. Other downlink, scheduling schemes may also he designed to take 
advantage of the statistical distribution of the data rates achieved by each terminal. This 
information may be useful in reducing the number of hypotheses to evaluate. In 
addition, for some applications, it. may he possible to learn which terminal groupings 
(i.e., hypotheses) work well by analyzing performance over time, This inlbrrnatiou may 
then be stored, updated, and used by the scheduler in future scheduling intervals. 
illS J] The techniques described above may be used to schedule terminals for data 
transmission in the MIMO mode, the SN-SIMO mode, and the mixed mode. Other 
considerations may also be applicable for each of these operating modes, as described 
below. 

11153] Sn the MIMO mode, (up to) 1% independent data streams may be 
simultaneously transmitted by the base station from Nt transmit antennas for each 
frequency subchannel group and targeted to a single MIMO terminal with Nr receive 
antennas (i.e., N K xN ( . MEMO). The MIMO terminal may use spatial equalization (for 
a non-dispersive MIMO channel with flat fading) or space-lime equalization (for a 
dispersive MIMO channel with frequency selective fading) to process and separate Use 
N T transmitted data streams for each frequency subehannei group. The SNR of each 
post-processed data stream (i.e.. after equalization) may be estimated and sent back to 
the base station as channel state information. The base station may then use this 
information io select the proper rate to use for each data, stream such that the MIMO 
terminal is able to delect each transmitted data stream at the desired level of 
performance (e.g., the target PER). 

[1153] If all data streams are transmitted to one terminal as is the ease in the MIMO 
mode, then the successive cancellation receiver processing technique may be used at 
this terminal to process Nr received signals to recover N? transmitted data streams for 
each frequency subchannel group. This technique successively processes the Nr 
.received signals a number of times (or iterations) to recover the signals transmitted from 
the base siation, with one tiansinitted signal being tecosered for each iteration. Foi 
each iteration, the technique performs spatial or space-time equalization on the Nr 
received signals. One of the transmitted signals is then recovered, and the interference 
due to the recovered signal is then estimated and canceled from the received signals to 
derive ''modified" signals having the interference component removed. 
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f 1 "1 541 The modified signals are then processed by the next iteration to recover 
aruahci transmitted sigaal By K-trovhig the uitcirctcnce due to each tee.jveied signal 
from the received signals, the SNR improves for the transmitted signals included in the 
modified signals and not yet recovered, The improved S.NR results in improved 
performance for the terminal as well as the system. 

[1155] The successive cancellation receiver processing technique is described in 
further detail in U,S, Patent Application Sena! No. 09/854,235, entitled ''Method and 
Apparatus for Processing Data m a Multiple-Input Multiple-Output (MiMQ.) 
Communication System Utilizing Channel State Information" filed May 1 L 2001, and 
U.S. Patent Application Serial Ho. 09/993,087, entitled "Multiple-Access Multiple- 
Input Multiple-Output (MIMO) Communication System" filed November 6, 21)01, both 
assigned to the assignee of the present application and incorporated herein by reference. 
flt56j In an embodiment each MJMO imnjnal m the system estimates and sends 
back Nt post-processed SNR values for the N't transmit antennas for each frequency 
subchannel group that may be separately assigned to the terminals. The SNRs from the 
active terminals may be evaluated bv the scheduler to determine which temnnal(s) to 
transmit data to and when, and the proper rate to use for each data stream transmitted to 
the selected terminals. Ml MO terminals may be selected for data transmission based on 
a particular performance metric formulated to achieve the desired system goals. The 
performance metric may be based on one or more functions and any number of 
parameters. Various functions may be used to formulate the performance metric, such 
as the function of the achievable throughput for die M'iMO terminals, which is shown 
above in equations (5) and (6). 

[1157] In the N-S1MO mode, (up to) Nt independent data streams may be 
simultaneously transmitted by the base station from the N T transmit antennas for each 
frequency subchannel group and targeted to (up to) Nt different S3MO terminals. To 
achieve high performance, the scheduler may consider it large number of possible 
terminal sets tor data transmission. The scheduler then determines the best sei of M T 
SIMO terminals to transmit simultaneously for each frequency subchannel group. In a 
muittple-access communication system, there are generally constraints on satisfying 
certain requirements on a per terminal basis, such as maximum latency or average data 
rate. In this case, the scheduler can be designed to select the best set of terminals 
subject, ro these constraints. 
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[1158} In one implementation for the N-SIMO mode, the terminals use spatial 
equalization to process the receive signals, and the post-processed SNR corresponding 
to each data stream k provided to the base station. The scheduler then vises The 
information to select active terminals for data transmission and to assign transmission 
channels to the selected terminals. 

£1.1591 In another implementation for the N-SIMO .mode, the terminals use 
successive cancellation receiver' processing to process the receive signal to achieve 
higher post-processed SNKs. With successive cancellation receiver processing, the 
post-processed SNRs for the transmitted data streams depend on the order in which the 
data streams are detected (i.e., demodulated and decoded). T.n some cases, a particular 
SJMO terminal may not be able to cancel the interference from a particular data stream 
designated for another terminal, since the coding and modulation scheme used for this 
data stream was selected based on the other terminal's post-processed SNR. For 
example, a transmitted data stream may be targeted for terminal m, and coded and 
modulated for proper detection at a (e.g., 10 dB) post-processed SNR achieved at the 
target terminal u xt but another terminal «, may receive the same transmitted data stream 
at a worse post-processed SNR and is thus not able to properly detect the data stream, if 
the data stream intended for another terminal cannot be detected error free, then 
cancellation of the interference due to this data stream is not possible. Successive 
cancellation receiver processing is viable when the post-processed SNR corresponding 
to a transmitted data stream permits reliable detection. 

[1160] The terminal can attempt to use successive cancellation receiver processing 
on all the other transmitted data streams nor intended for it before attempting to process 
its own data stream to improve the reliability of the detection. However, in order for the 
system to capitalize on this improvement, the base station needs to know the 
hypothetical post-processed SNR given the interference from other antennas have been 
successfully cancelled. Independent constraints on the scheduler may result in a data 
rate assignment to these other antennas that precludes successful cancellation from 
hemg successful by the terminal Thus theie h no guarantee that the base station can 
select a data rate based on a post-processed SNR derived via successive cancellation 
receiver processing. However, the base station can use successive cancellation receiver 
processing on the uplink because it is the intended recipient of all data streams 
transmitted on the uplink. 
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[2161 j In order for the scheduler to take advantage of the improvement in post- 
processed SNRs afforded by SI MO terminals using successive cancellation recei ver 
processing, each such terminal can derive the post-processed SNRs corresponding to 
different possible orderings of detection for the transmitted data streams, The N T 
transmitted data streams for each frequency subchannel group may be detected based on 
N T factorial (i.e., Ny!) possible orderings at a SMO terminal, and each ordering is 
associated with N-r post-processed SN'R values. Thus, Nt-Nt! SNR values may be 
reported by each active terminal to tbe base station for each frequency subchannel group 
(e.g., if N T - 4. then % SNR values may be reported by each SfMO terminal for each 
frequency subchannel group..!. The scheduler can then use the information to select 
terminals for data transmission and to further assign transmit antennas to the selected 
terminals, 

(11 62] If successive cancellation receiver processing is, used at the terminals, then 
the scheduler can also consider the possible detection caterings for each terminal . 
However, a large number of these orderings are typically invalid because a particular 
terminal is able to properly detect data streams transmitted to other terminals due to the 
lower post- processed SNRs achieved at this terminal for the undetectable data streams, 
[1 i<B] hi the mixed mode, the use of successive cancellation, receiver processing by 
the (e.g„ MEMO) terminals places additional constraints on the scheduler due to the 
dependencies introduced. These constraints may result in more hypothesized sets being 
evaluated, since in addition to considering different sets of terminals the scheduler 
needs to also consider the various orders for demodulating the data streams by each 
terminal in a given set. The assignment of the transmit antennas ami the selection of the 
coding and modulation schemes would then take into account these dependencies in 
order to achieve high performance. 

j'.1.U»4l The set of transmit antennas at a base station may be u physically distinct set 
of "apertures' 5 , each of which may be used to directly transmit a respective data stream., 
Each aperture may be formed by a collection of one or more antenna elements that are 
distributed in space (e.g., physically located at a single site or distributed over multiple 
sites). Alternatively, the antenna apertures may be preceded by one or more (fixed") 
beam-forming matrices, with each matrix being used to synthesize a different set of 
antenna beams from the set of apertures. In this case, the above description for the 
transmit antennas applies analogously to the transformed antenna beams. 
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tl'165] For the downlink, a number of fixed beam-forming matrices may be defined 
in advance, and the terminals may evaluate the post-processed SNRs for each of the 
possible matrices tor sets of antenna beams) and send SN"R vectors bad; to the base 
.station. .Different performance (i.e., post-processed SNRs) is typically achieved for 
different sets of transformed anterma beams, and ibis is reflected in the reported SNR 
vectors, The base station may (hen. perform scheduling and antenna assignment for each 
of the possible beam -forming matrices (using the reported SNR vectors), and select a 
particular beam -forming matrix as well as a set of terminals and their antenna 
assignments rhat achieve the best use of the available resources, 
[1166] The use of beam-forming matrices affords additional flexibility in 
scheduling terminals and may further provide improved performance. As examples, the 
following situations may be well suited for beam- forming transformations; 

* Correlation in the MMO channel is high so that die best performance may be 
achieved with a small number of data streams. However, Transmitting with only 
a subset of the available transmit antennas (and using only their associated 
transmit amplifiers) .results in a smaller total transmit power. A transformation 
may be selected to use most or all of the transmit antennas (and their amplifiers) 
for the data streams to be sent. In this case, higher transmit power is achieved 
for the transmitted data streams. 

* Physically dispersed terminals may be isolated somewhat by their locations. In 
this case, the terminals may be served by a standard PPf-type transformation of 
horizontally spaced apertures into a set of beams pointed at. different azimuths. 

Uplink Resource All ocation 
[11671 On the uplink, smee the base station is the intended recipient for the data 
transmissions from the scheduled terminals, the successive cancellation receiver 
processing technique may be used at the base station to process the transmissions from 
multiple terminals. 'This technique successively processes the Nr received signals a 
number of times to recover the signals transmitted from the terminals, with one 
transmitted signal being recovered for each iteration. 

[1168] When using the successive cancellation receiver processing technique to 
process the received signals, the SNR associated with each received data stream is a 
function of the particular order in which the transmitted signals are processed at the base 
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station. The scheduling schemes can take this into account in selecting the best set of 
tannin ids for uplink data transmission. 

[1169] FIG. 5 is a flow diagram of a process 500 to schedule terminals for uplink 
transmission, In this embodiment, the transmission channels are assigned to the active 
terminals by evaluating one .frequency subchannel group at. a time. The first frequency 
subchannel group is considered by setting the frequency index k ~ i, at step 510, The 
best set of terminals for uplink transmission on the k-th frequency subchannel group is 
then determined starting at step 5.12. 

[1170] Initially, one or more performance metrics to be used to select the best set of 
terminals for uplink transmission on the current frequency subchannel group are 
initialised, at step 512. Various performance metrics may be used, such as the 
perfnrmarct man- that nwvny^cs system throughput a.s described abo\e Aiso, 
terminal metrics such as post-processed SNRs for the signals transmitted from the 
terminals, the average throughput, and so on, may also be used in the evaluation. 
1 1171] A new set of one or more active terminals is fhen selected from among all 
active terminals desiring to transmit data in an upcoming time slot, at step 514. As 
noted above, the number of active terminals to be considered for scheduling may he 
limited (e.g., based on their priority). This set of selected terminals forms a hypothesis; 
to be evaluated. For each selected terminal, the channel estimates for each transmit 
antenna to be used for uplink data transmission are retrieved, at step 516. For the 
MIMO mode, a single MIMO terminal is selected for evaluation for the &~th frequency 
subchannel group, and N { - vectors of channel estimates for N T transmit antennas of this 
terminal are retrieved. For the N-SIMO mode, Nt S1MO terminals are selected for 
evaluation, and N T channel estimate vectors for one transmit antenna at each of the Nr 
terminals are retrieved. And for the mixed mode, the Nr channel estimate vectors am 
retrieved for the combination of SMO and MIMO terminals in the set. in assy case, the 
Nr channel estimate vectors are used to form the channel response matrix H(£) shown 
in equation il), with each channel estimate vector corresponding to a column of the 
matrix H(&) , The set u(k) identifies die terminals whose channel estimate vectors are 
included in the channel response matrix H(fc), where 

n(k)~{u a {k) s Ut,(k) and a MIMO terminal may be represented as 

multiple terminals in the set . 
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[1172] When the successive cancellation receiver processing technique is used at 
the base station, the order in which the terminals are processed directly impacts their 
performance. Thus, a particular new order is selected to process the terminals in the set 
n(k) , at step 518. This particular order forms a sub- hypothesis to be evaluated. 
[1173] The sub- hypothesis is then evaluated and terminal metrics for the sub- 
hypothesis are provided, at step 520. The terminal metrics may be the post-processed 
SNRs for the signals (hypothetic-ally) transmitted from the terminals in the set uik) to 
the base station. Step 320 may be achieved based on the successive cancellation 
receiver processing technique, which is described below in PIGS. 6A and 6B. 'The 
performance metric (e.g., the system throughput) corresponding to this sub-hypothesis 
is then determined (e.g., based on the post-processed SNRs for die terminals), at step 
522. This performance metric is then used to update the performance metric for the best 
sub -hypothesis, also at step 522. Specifically, if the performance metric for the current 
sub-hypothesis is better than that for the best sub-hypothesis, then the current suh- 
hypothesis becomes the new best sub-hypothesis and the performance and terminal 
metrics corresponding to this sub- hypothesis are saved. 

11174] A determination is then made whether or not all sub-hypotheses for the 
current hypothesis have been evaluated, at step 524. if all sub-hypotheses have not been 
evaluated, then the process returns to step 518 and a different and not yet evaluated 
order for the terminals in the set u(k) is selected for evaluation. Steps 518 through 524 
are repeated for each sub-hypothesis to be evaluated. 

{1.1.75] If ail sub-hypotheses for the current hypothesis have been evaluated, at step 
524, then a determination is next made wheiher or not ail hypotheses have been 
considered, at step 526. if all hypotheses have not been considered, then the process 
returns to step 514 and a different and not yet considered set of terminals is selected for 
evaluation. Steps 5 14 through 526 are repeated for each hypothesis to be considered. 
[.1.176] If all hypotheses for the current frequency subchannel group have been 
evaluated, at step 526, then the results for the best sub-hypothesis for this frequency 
subchannel group are saved, at step 528. The best sub-hypothesis corresponds to a 
specific set of one or more active terminals that provides the best performance metric 
for the frequency subchannel group. If successive cancellation receiver processing is 
used at the base station, then the best sub-hypothesis is further associated with a specific 
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receiver processing order at the base station. The saved results may thus include the 
achievable SNRs for the terminals and the selected processing order.. 
[1177] If the scheduling scheme requires other system and terminal metrics to be 
maintained (e.g. the average throughput over the prior Np time slots, latency for data 
transmission, and so on), then these metrics are updated for the current frequency 
subchannel group, at step 530. The terminal and system metrics may also be saved. 
[1178] A determination is then made whether or not all frequency subchannel 
groups have been assigned for uplink transmission, at step 532, M all frequency 
subchannel groups have not been assigned, then the next frequency subchannel group is 
considered by incrementing the index k (i.e., k = k -Kl), ai step 534, The process then 
returns to step 512 to select me best set of terminals for uplink transmission on this new 
frequency subchannel group. Steps 512 through 534 are repeated for each frequency 
subchannel group to be assigned, 

[.11.79] If all frequency subchannel groups have been assigned, at step 532, then the 
data rates and the coding and modulation schemes for the terminals in the best sub- 
hypotheses for each frequency subchannel group are determined (e.g., based on their 
SNRs), at step 536. A schedule indicative of the selected terminals and their assigned 
transmission channels and rates is formed and may be communicated io these terminals 
prior to the scheduled time slot, also at step 536. The uplink scheduling is typically 
performed for each scheduling interval. 

[1180] FIG. 6 A is a flow diagram for a successive cancellation receiver processing 
scheme 520a whereby the processing order is imposed by an ordered set of terminals. 
This flow diagram may be used for step 520 in FiG. 5, The processing shown in FIG. 
6A is performed for a particular sub-hypothesis, which corresponds to a set of ordered 
terminals. - {u a (k\ uj,k}> .... « Nv (k)} . Initially, the first terminal in the ordered 
set is selected as the current terminal to be processed (i.e.. u i ~ ujk)\ at step 6.1.2. 
[1181] For the successive cancellation receiver processing technique, the base 
station first performs spatial or space-time equalization on the Nr received signals to 
attempt to separate the individual signals transmitted by the terminals in the set u(fc)» at 
step 614. The spatial or space-time equalization may be performed as described below. 
The amount ot achievable signal separation is dependent cm the amount of correlation 
between the transmitted signals, and greater signal separation may be obtained if these 
signals are less correlated, Step 614 provides N? post- processed signals derived from 
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the N'p received signals and corresponding to the N T signals transmitted by the leimiruiU 
in the set nik) . As pan of the spatial or space-time processing, the S.NR corresponding 
to the post -processed signal for the current terminal is also determined. 
[11SZ] The post- processed signal for terminal u, is further processed (i.e„ 
"ticicuied") to obtain a decoded data stream for the terminal, at. step 616. The- detection 
.may include demodulating, deinterieaving. arid decoding the post-processed signal to 
obtain the decoded data stream. 

[1183] At step 618, a determination is made whether or not all terminals in the set 
uik) have been processed, if all terminals have been processed, then the SNRs of the 
terminal* ate ptoMded, at step 6?A and the tccetver pjocessiug toi this onlered set 
terminates. Otherwise, ihe interference due to the signal transmitted from terminal h, 
on each of the received signals is estimated, m step 620. The interference may be 
estimated (e.g.. as described below) based on the channel response matrix M(k) for the 
terminals in the set u{k). The estimated interference dne to terminal u ; is then 
subtracted (i.e., canceled) from the received signals to derive modified signals, at step 
622. These modified signals represent estimates of the received signals if terminal «, 
had not transmitted (i,e., assuming that the interference cancellation was effectively 
performed). The modified signals are used in the next iteration to process the signal 
transmitted from the next terminal in the set u(*) . The nest terminal in the set n(k) is 
then selected as the (new) current terminal u n at step 624. frs particular, u t -u h (h) for 
the second iteration, u f -u r (Jc) for the third iteration, and so on, and h, -% r (&) for 
the last iteration for the ordered set. n(k) ~ {ujk), u b (7c), (k) \ . 

[1184] The processing performed in steps 614 and 61.6 is repeated on the modified 
signals (instead of the received signals) for each subsequent terminal in the set 
Steps 620 through 62-1 are also performed for each iteration except for the last iteration. 
[1185] Using the successive cancellation receiver processing technique, for each 
hypothesis of N T terminals, there are N T factorial possible orderings (e.g., Nt* - 24 if 
N T ~ 4). For each ordering of terminals within a particular hypothesis (i.e., for each 
sub-hypothesis), the successive cancellation receiver processing (step 520) provides a 
set of SNRs for the post-processed signals for these terminals, which may be expressed 
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Eq (18j 



where y t (ft is the SfSR for the jc-th frequency subchannel group after the receiver 
processing a! the i'-fh terminal in the sub-hypothesis. 

[1186] Each sub-hypothesis is further associated with a performance metric. 
R^.^Xk)- which may be a function of various factors, For example, a performance 
metric based on the SNRs of the terminals may be expressed as .shown hi equation (4). 
In an embodiment, the performance metric for the sub-hypothesis is a function of the 
achievable throughputs for ail N T terminals in the set u(k) . which may be expressed as 
shown in equation (5). where the throughput ?-,(£) associated with the ;'-th terminal in 
the sob-hypothesis may be expressed as shown in equation (6). 

11.187 j 'the uplink scheduling scheme described in F£GS. 5 and 6 A may be used to 
evaluate all possible onierings of each possible set of active terminals desiring to 
transmit, data on the uplink. The total number- of potential sub-hypotheses to be 
evaluated by the uplink scheduler can be quite large, even lor a small number of active 
terminals. In fact the total number of sub-hypotheses can be expressed as; 



where Nn is the number of terminals to be considered for scheduling (again, a MLMO 
terminal may be represented as multiple terminals in the scheduling). For example, if 
No ~ 16, Nu = 8, ^d N T - 4, then NWnyp - 26,880. An exhaustive search may be used 
to determine the sub-hypothesis that provides the best system performance for each 
frequency subchannel group, as quantified by the performance metric used to select the 
best, sub-hypothesis.: 

fjUSS] Similar to the downlink, a number of techniques may be used to reduce the 
complexity of the processing to schedule terminals for uplink transmission. Some 
scheduling schemes based on some of these techniques are described below. Other 
scheduling schemes may also be implemented and are withm the scope of the invention. 
These scheduling schemes may also provide high system performance while reducing 
the amount of processing required to schedule terminals for uplink data transmission, 
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[1.18.9] In a second uplink scheduling scheme, the terminals included in each 
hypothesis are processed in a specific order thai is determined based on & particular 
defined rule. In an embodiment, this scheme relies on the successive cancellation 
receiver processing to determine the specific order for processing the terminals in the 
hypothesis. For example and as described below, for each iteration, the successive 
cancellation receiver processing scheme can recover the transmitted signal having the 
best SNR after equalisation. In this case, the processing order is determined based on 
ihe post-processed SNRs tor the terminals in fee hypothesis. 

{1190] FIG. 6B is a flow diagram for a successive cancellation receiver processing 
scheme 520b vttietehy the ptoeessmg otdei ss determined reused on the post-processed 
SNRs. This flow diagram may also be used for step 520 in FIG. 5. However, since the 
processing order is determined based on the post-processed SNRs achieved by the 
successive cancellation receiver processing, only one sub-hypothesis is effectively 
evaluated for each hypothesis, and steps 51 S and 524 in HG. 5 may he omitted. 
[119.1] Initially, spatial or space-time equalization is performed on the received 
signals to attempt to separate the individual transmitted signals, at step 6X4. The SNRs 
of the transrnitted signals alter the equalization are then estimated, at step 615. In an 
embodiment, the transmitted signal corresponding to the terminal with the best SNR is 
selected and further processed (ie,, demodulated and decoded.) to obtain a 
corresponding decoded data stream, at step 616, At step 618, a determination is made 
whether or not all transmitted signals (Le,, all terminals in the hypothesis) have been 
processed. If all terminals have been processed, then the processing order of the 
terminals and their SNRs are provided, at step 62S, and the receiver processing for this 
terminal set terminates. Otherwise, the interference due to the transmitted signal just 
processed is estimated, at step 620, and subtracted (i.e., canceled) from the received 
signals to derive the modified signals, at step 622, Steps 614, 6.16, 6I8> 620, and 622 in 
FIG. <SB correspond to identically numbered steps in FIG. 6A, 

P.192] In a third uplink scheduling scheme, the terminals included in each 
hypothesis are processed based on a specific order. With successive cancellation 
receiver processing, the SNR of an unprocessed terminal improves with each iteration, 
as the interference from each processed terminal is removed. Thus, on average, ihe first 
terminal to be processed will have the lowest SNR, the second terminal to be processed 
will have the second to lowest SNR, and so on. Using this knowledge, the processing 
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order for the- terminals may be specified for a hypothesis. The processing order 
represents another degree of freedom thai may be used by the scheduler 10 achieve the 
system goals and requirements, 

[1193] in one embodiment of" the third uplink scheduling scheme, the processing 
order for each hypothesis is selcaed based on the priority of the terminals in the 
hypothesis. For example, the lowest priority terminal in the hypothesis may be 
processed first, the next lowest priority terminal may be processed nest., and so on, and 
the highest priority terminal may be processed last. This embodiment allows the highest 
priority terminal to achieve the highest SNH possible for the hypothesis, which in turn 
supports the highest possible data raie. In this manner, the terminals may be assigned 
transmission channels in a particular order, based on their priority, such that the highest 
priority terminal is assigned the highest possible data rate. In another embodiment of 
the third uplink scheduling scheme, the processing order for each hypothesis is selected 
based on user payload, latency requirements, emergency service priority, and so on. 
[J..I.M] In a fourth uplink scheduling scheme, the terminals are scheduled based on 
their priority, winch may be determined based on one or more metrics (e.g., average 
throughput), system constraints and requirements (e.g., maximum latency), other 
factors, or a combination thereof, as described above. For each scheduling interval, a 
number of highest priority terminals may be considered for scheduling. 
[1195] FIG, 7 is a flow diagram for a priority-based uplink scheduling scheme 700 
whereby a set of r% highest priority terminals is considered for scheduling for each 
frequency subchannel group. Initially, the first frequency subchannel group is 
considered by {setting the frequency index k - 1. m step 710. The spatial subchannels 
for the fc-th frequency subchannel group are then assigned to the terminals for uplink 
transmission starting at step 712. 

|1 196] The scheduler examines the priority for all active terminals in the list and 
selects the set of N T highest priority terminals, at step 712. The remaining active 
terminals in the list are not considered for scheduling for this frequency subchannel 
group in this scheduling interval. The channel estimates for each selected terminal are- 
retrieved and used to form the channel response matrix H(fc) . at step 7 14. 
ill 97] Each sub-hypothesis of the hypothesis formed by the N T selected terminals is 
then evaluated, and fee corresponding vector of post -processed SN'Rs, y f (A-), for 

each sub-hypothesis is derived, at step 716. The best sub-hypothesis is selected, and the 
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data rales and the coding mid modulation schemes for the terminal? sn the be^t sub- 
hypothesis are determined (e.g., based on their achieved SNRs), ai step 718. The 
metrics of the active terminals in the list and the system metrics are then updated, at step 
720, 

[11.98] A determination is then made whether or nor. all frequency subchannels have 
been assigned for uplink transmission, at step 722. If all frequency subchannels have 
not been assigned, then the nest, frequency subchannel group is considered by 
incrementing the index k (i.e., A' - k +H, at step 724. The process then returns to step 
712 to assign the spatial subchannels of this nevt frequency subchannel group to the 
same or a different set of terminals, Steps 712 through 724 are repeated for each 
frequency subchannel group to be assigned. 

[J 199] if AI Irequenc} subchannel gioup* fu\e been assigned, at step 722, then a 
schedule indicative of the selected terminals and their assigned transmission channels 
and rates may be formed and communicated to these terminals, at step 726, The process 
then terminates for this scheduling interval. 

|I20O) The uplink scheduling of terminals based on priority is also described in U.S. 
Patent Application Serial No. 09/859,346. entitled "Method and Apparatus for 
Allocating Uplink Resources in a Multiple-Input Multiple-Output (MIMG) 
Communication System; 1 filed May 16, 2001, and U.S. Patent No, 5,923,650, entitled 
"Method dx\d Apparatus for Revetse Link Rate Scheduling issued Jul) 13. 1°99 
These patent and patent application are assigned to the assignee of the present- 
application and incorporated herein by reference. 

[.12011 The same target setpoint may be used for all data streams received at the 
base station. However, this common setpoint for all received data streams is not a 
requirement. Other uplink scheduling schemes that select terminals for data 
transmission, assign transmission channels to the selected terminals, and further select 
setpoints to be used for the assigned transmission channels may also be devised. A 
particular setpoint may be achieved for a data stream via a power control mechanism 
that direct the terminal to adjust its transmit power for the data stream such that the 
received SNR for the data stream is approximately equal to the setpoint, 
[1202] Various uplink scheduling schemes may be devised with non-uniform 
setpoints for the data streams transmitted from the scheduled terminals. In one 
embodiment, higher setpoints may be used tor higher priority terminals, and lower 
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setpoints may be used for lower priority terminals. In another embodiment, the 
setpoints may be selected such that a desired data rate is achieved for each of the 
scheduled terminals. In yei another embodiment, the setpoints may be selected to 
achieve high system throughput, which may be possible by using higher setpoints for 
better transmission channels and lower setpoints for poor transmission channels. Other 
schemes to select, different setpoints for different' transmission channels to achieve the 
desired results may also be implemented, and this is within the scope of the invention. 
[1203] Similar 10 the downlink, it is also not necessary to use all of the available 
transmission channels, for uplink data transmission. In one embodiment, only 
transmission channels with achieved SMRs above a particular threshold SNR are 
selected for use, and transmission channels with achieved SNRs below this threshold 
SNR are not used, 

[1204] For many of the uplink scheduling schemes described above, the successive 
cancellation receiver processing technique is used to process the received signals at the 
base station, which may provide improved SNlls and thus higher throughput. However, 
the uplink scheduling may also be performed without the use of successive cancellation 
receiver processing at the base station. For example, the base station may simply use 
spatial or space-time equalization to process the received signals to recover the 
transmitted signals. It can be shown that substantial gains may be achieved by 
exploiting the multi-user diversity environment and/or the frequency signatures of the 
terminals in scheduling uplink data transmission (i.e., without relying on successive 
cancellation receiver processing at the base station), 

[1205] Other uplink scheduling schemes may also be implemented, and this is 
withm the scope of the invention. For a FDM-TDM uplink scheduling scheme, one 
MIMO terminal may be assigned all of me spatial subchannels for each frequency 
subchannel group, and me frequency si^uawics ot the terminals may be considered m 
the upiink scheduling to achieve high performance. For a SDMA-TDM uplink 
scheduling scheme, all frequency subchannels of each spatial subchannel may be 
assigned to a single terminal, which may he a S1MQ or MIMO terminal. 



Other Scheduling Considerations 
[1206] For both the downlink and uplink, if partiai-CSI (e.g., the post-processed 
SNR) is used to schedule terminals for data transmission, then a common coding and 
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modulation scheme may be used for all transmission channels assigned to a given 
terminal, or a different coding arid modulation scheme may be used for each assigned 
transmission channel. The use of a common coding and modulation scheme for all 
assigned transmission channels can simplify the processing at both the terminal and the 
base station. The scheduler may be designed to take this into consideration when 
scheduling terminals for data transmission on the available transmission channels, For 
example, it may be preferable to assign transmission channels having similar 
transmission capacities (e.g., similar SN'Rs) to the same terminal so that a common 
coding and modulation schema may be used tor the data transmission on the multiple 
transmission channels assigned to this terminal. 

[1207] For both the downlink and uplink, the scheduling schemes can be designed 
to consider- sets of terminals that have similar link margins. Terminals may be grouped 
according to their link margin properties. The scheduler may then consider 
combinations of terminals in the same "link margin" group when searching for mutually 
compatible spatial signatures. The grouping of terminals according to link margin may 
improve the overall spectral efficiency of the scheduling, schemes compared to thai 
achieved by ignoring sink margins. Moreover, by scheduling terminals with similar link 
margins to transmit concurrently, power control may be more easily exercised (e.g., on 
the entire set of terminals) to improve overall spectral reuse. This may be viewed as a 
combination of adaptive reuse scheduling in combination with 5DM A for SIMO/MIMO 
(which relies on spatial processing at the receiver to separate the multiple transmitted 
data streams') or MLSO (which relies on beam-steering by the transmitter to separate the 
multiple transmitted data streams). Moreover, a scheduling scheme that evaluates the 
hybrid of these two (beams and margins) may also be implement, and this is within the 
scope of the invention. 

{1208 j Scheduling based on link margins and adaptive reuse are described in further 
detail in U.S. Patent Application Serial No. 09/532,492, entitled "High Efficiency, High 
Performance Communications System Employing Multi-Carrier Modulation." filed 
March 30, 20(H), and U.S. Patent Application Serial No. 09/848,937, entitled "Method 
and Apparatus for Controlling Uplink Transmissions of a Wireless Communication 
System, 1 ' filed May 3, 2001, both assigned to the assignee of the present application and 
incorporated herein by reference. 
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[1209] For simplicity, various scheduling schemes have been described whereby il) 
a set of Nr terminals is selected for downlink or uplink oansmission for a given 
frequency subchannel group {where a MIMG terminal may represent multiple ones of 
these N T terminals), with each terminal being assigned to one spatial subchannel, {2) the 
number of transmit antennas is equal to the number of receive antennas (i.e., Nt ~ ]%), 
and (3) one independent data stream is transmitted on each spatial subchannel of each 
frequency subchannel group, in this case, the number of data streams for each 
frequency subchannel group is equal to the number of spatial subchannels, and each of 
the Nt terminals in the set is effectively assigned to a respective spatial subchannel. 
{1210J For the downlink, each scheduled terminal nay be equipped with more- 
receive antennas than the total number of data streams. Moreover, multiple scheduled 
lennmats may sham a particular transmit antenna at. the base station. The sharing may 
be achieved via time division multiplexing (e.g., assigning different fractions of a tame 
slot to different terminals), frequency division multiplexing (e.g., assigning, different 
frequency subchannels in each frequency subchannel group to different terminals), code- 
division multiplexing {e.g., assigning different orthogonal codes to different iemunals), 
some other multiplexing schemes, or any combination of the multiplexing schemes. 
|123 .!.] For the- uplink, the scheduled terminals may also share a multiplexed array of 
receive antennas at the base station. In this case, the total number of transmit antennas 
for the scheduled terminals may be greater than the number of receive antennas at the 
base station, and the terminals may share the available transmission channels using 
another multiple-access technique (e.g., time, frequency, and/or code division 
multiplexing). 

{1212| The scheduling schemes described herein select terminals arid assign 
transmission channels to the selected tetmmals based on channel state information, 
which may comprise post-processed SNRs, The post-processed SNRs for the terminals 
are- dependent on the particular transmit power level used for the data streams. For 
simplicity, the same transmit power level is assumed for all data streams (i.e., no power 
control of the transmit power). 

{.1.2.13] However, by allocating different amounts of transmit power to different data 
streams and/or by controlling the transmit power for each data stream, the achievable 
SNRs may be adjusted. For the downlink, by decreasing the transmit power for a 
particular data stream via power control, the SN r R associated with that data stream is 



Pt"'T/l:S(»2/4J756 



SB 

reduced, the interference caused by this data stream on other' data streams would also be 
reduced, and other data streams may be able to achieve better SNRs. For the uplink, by 
decreasing the transmit power of a particular terminal via power control, the SNR for 
this terminal is reduced, the interference due to this terminal would also be reduced, and 
other terminals may be able to achieve better SMls. Power control of (and power 
allocation among) multiple terminals simultaneously sharing now-orthogonal spatial 
channels may be achieved by placing various constraints to ensure system stability, as 
described above. Thus, transmit power allocation and/or power control may also be 
used in conjunction with the scheduling schemes described herein, and this is within the 
scope of the in vention. 

[1214] The downlink and uplink scheduling schemes described herein may be 
designed to support a number of features. First, the scheduling schemes can support- 
mixed mode operation whereby any combination of SDvIO and IVOMO terminals may be 
scheduled for data transmission over a "channel", which may be a time slot, a frequency 
band, a code channel, and so on. Second, the scheduling schemes provide a schedule 
for each scheduling interval thai includes a set. of "mutually compatible" terminals 
based on their spatial and frequency signatures. Mutual compatibility may be taken to 
mean co-existence of transmission cm the same channel and at the same time given 
specific constraints regarding terminals' data rate requirements, transmit power, link 
margin, capability between SIMO and MEMO terminals, and possibly other factors. 
Third, the scheduling schemes support variable data rate adaptation based on the SNRs 
of the post-processed signals for file terminals. Each scheduled terminal is informed 
when to communicate, which data rate(s) to use (e.g., on a per data stream basis), and 
the particular mode (e.g., SIMO, MIMO). 

MMO-OFPM System 
[1215] FIG. SA is a block diagram of a base station 104 and two terminals 106 
within M3MO-QFDM system 100 for downlink data transmission. At base station 104, 
a data source SOS provides data (i.e., information bits) to a transmit (TX) data processor 
81.0. For each independent data stream, TX data processor 810 (I) codes the data based 
on a particular coding scheme, (2) interleaves (i.e., reorders) the coded bits based on a 
particular- interleaving scheme, and (?>) maps the interleaved bits into modulation 
symbols for one or more transmission channels selected for use for that data stream. 
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The coding increases the reliability of the data transmission- The interleaving provides 
time diversity for die coded hits, permits the data to be transmitted based on an average 
SNR for the transmission channels, combats fading, removes correlation between coded 
bits used to form each modulation symbol, and may further provide frequency diversity 
if the coded bits are transmitted over multiple frequency subchannels. The coding and 
modulation (i.e., symbol mapping') may be performed based on control signals provided 
by a. controller 830, 

[1236] A XX MIMO processor S20 receives and. demultiplexes the modulation 
symbols from TX data processor 8.10 and provides a stream of symbol vectors for each 
transmit antenna used For data transmission, one symbol vector per symbol period, 
Each symbol vector includes up to Ny modulation symbols for die Np frequency 
subchannels of the transmit antenna. TX MIMO processor 820 may further 
precondition the modulation symbols if full CST processing is performed <e.g, t if the 
channel response matrix B,(k") is available). MIMO and full -CSI processing is 
described in further detail in the aforementioned U.S. Patent Application Sena! No. 
09/993,087. Each symbol vector stream is then received and modulated by a respective 
modulator (MOD) 822 and transmitted via an associated antenna 824, 
[1217] At each terminal 106 to which a data transmission is directed, antennas 852 
receive the transmitted signals, and the received signal from each antenna is provided, to 
a respective demodulator (DEMOB) 854. Each demodulator (or front-end unit) S54 
performs processing complementary to that performed at modulator 822, The received 
modulation symbols from all demodulators 854 are then provided to a receive (RX} 
MIMO/data processor 860 and processed to recover one or more data streams 
transmitted to the terminal. RX MfMO/data processor 860 performs processing 
complementary to that performed by TX data processor 810 and TX MIMO processor 
820 and provides decoded data to a data sink 862. The processing by terminal 106 is 
described in further detail below, 

11218] At each active terminal 106, RX Ml'MO/data processor 860 further estimates 
die channel conditions for the downlink and provides channel state information (CSI) 
indicative of the estimated channel conditions. The CSI may comprise post -processed 
SNRs, channel gain estimates, and so on. A controller 870 receives and may further 
transform the downlink CSI (DL CSI) into some other form (e.g., rate). The downlink 
CSI is processed (e.g., coded and symbol mapped) by a TX data processor 880. further 
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processed by a TX MIMO processor 882, modulated by one or more modulators 854, 
and transmitted back to base station 104 via an uplink (or feedback} channel. The 
downlink CSI may be reported by the terminal using various signaling techniques, as 
described below. 

[1219] At base station 104, die transmitted feedback signal is received by antennas 
824, demodulated by demodulators 822, and processed by a RX MMO/data processor 
840 in a complementary manner to that performed by TX data processor 880 and TX 
MIMO processor 882. The reported downlink CSI is then provided to controller 830 
and a scheduler 834. 

1 1220] Scheduler 834 uses die reported downlink CSI to perform a number of 
functions such as (J) selecting the best set of terminals for downlink data transmission 
and (2) assigning the available transmission channels to the selected terminals. 
Scheduler 834 or controller 830 may further use the reported downlink CSI to determine 
the coding and modulation scheme to be used for each data stream. Scheduler 834 may 
schedule terminals to achieve high throughput and/or based on some other performance 
criteri a or metrics., 

[1221] FIG, 8B is a block, diagram of a base station 104 and two terminals 106 for 
uplink data transmission. At each terminal scheduled for data transmission on the 
uplink, a data source 878 provides data to TX data processor 880, which codes, 
interleaves, and maps the data into modulation symbols. If multiple transmit antennas 
are used for uplink data transmission, TX MIMO processor 882 receives and further 
processes the modulation symbols to provide a stream of modulation symbol vectors for 
each antenna used for data transmission. Each symbol vector stream is then received 
and modulated by a respective modulator 854 and transmitted via an associated antenna 
852. 

{12223 At base station 104, antennas 824 receive the transmitted signals, and the 
received signal from each antenna is provided to a respective demodulator 822. 'Each 
demodulator 822 performs processing complementary to that performed at modulator 
8S4. The modulation symbols from all demodulators 822 are then provided to RX 
MIMO/data processor 840 and processed to recover the data streams transmitted by the 
scheduled terminals* B.X MMO/data processor 840 performs processing 
complementary to that performed by TX data processor 880 and XX MIMO processor 
882 and provides decoded data to a data sink 842, 
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[1223] For each terminal 106 desiring to transmit data on the uplink during an 
upcoming scheduling interval {or only the N't or Nx highest priority terminals), RX 
MJMO/data processor 840 further estimates the channel conditions for the uplink and 
derives uplink CSI (UL €Sf>. which is provided to controller 830. Scheduler S34 may 
also receive and use (he uplink CSI to perform a number of functions such as (1) 
selecting the best set of terminals for data transmission on the uplink, (2) determining a 
particular processing order for the data streams from the selected terminals, and (3) 
determining the rate to be used for each data stream. For each scheduling interval, 
scheduler 834 provides an uplink schedule that indicates which terminal (s) have been 
selected for data transmission and their assigned transmission channels and rates, 'The 
rate for each data stream may include the dale rate and coding and modulation scheme 
fo be used for the data stream. 

[1224] XX data processor 810 receives and processes the uplink schedule, and 
provides processed data indicative of the schedule to one or more modulators 822, 
Moduiatoifs) 822 iurthcT condition the ^uo;e<;sed data and transmit the uplink schedule 
to the terminals via the wireless link. The uplink schedule- may be sent to the terminal 
using various signaling and messaging techniques. 

[1225] At each active temrinal 106, the transmitted signals are received by antennas 
§52, demodulated by demodulators SS4, and provided io RX MLMO/daia processor 860, 
Processor 860 performs processing complementary to that performed by TX MIMQ 
processor 820 and XX data processor 810 and recovers the uplink schedule for that 
terminal (if any), which is then provided to controller 870 and used to control the uplink 
transmission by the terminal. 

[1226] in FiGS. 8A and 8B, scheduler 834 is shown as being implemented within 
base station 104. In other implementations, scheduler 834 may be implemented within 
some other element of MIMQ-OFDM system 100 (e,g„ a base station controller that 
couples to and interacts with a number of base stations). 

11227] HG. 9 is a block diagram of an embodiment of a transmitter unit 900. For 
clarity, transmitter unit 900 is described as being the transmitter portion of base station 
104 in FIGS. SA and SB. However, transmitter unit 900 may also be used for the 
transmitter portion of each terminal for uplink transmissions, 

f J228] Transmitter unit 900 is capable of processing multiple data streams for one 
or more* teimituis based on the available CSI <o.g.. vis repuned by the terminals). 
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Transmitter unit 900 includes (i) a TX data processor 814x that receives and processes 
information bits to provide modulation symbols and (2) a TX MIMO processor S20x 
that demultiplexes the modulation symbols for the N T transmit antennas. 
[1229] In the specific embodiment, shown in FIG. 9, TX data processor 8!4x 
includes a demultiplexer 908 coupled to a number of channel data processors 910, one 
proct-.sc for each oi N\, independent dam sue aim to be tian>rmueU to + he (em anal* Nj 
Demultiplexer 90S receives and deinultiples.es the aggregate information bits into 
data streams, each of which may be transmitted over one or more transmission channels. 
Each daia stream is provided to a respective channel data processor 910. 
[ 1 230] In the embodiment shown in FIG. 9, each channel data processor 910 
includes an encoder 932,, a channel interleaver 914, and a symbol mapping element 916. 
Encoder 912 codes the information bits in the received data stream based on a particular 
coding scheme to provide coded hits, Channel interleaver 914 interleaves the coded bits 
based on a particular interleaving scheme to provide diversity. And symbol mapping 
clement ^io maps die interleaved bus into modulation symbols for the one or more 
transmission channels used for transmitting the data stream. 

[1231] Pilot data (e.g., data of known pattern) may also be coded and multiplexed 
with the processed information bits. The processed pilot data may be transmitted (e.g., 
in a ttroe di\iMon multrplcscd ^TPM) or cod. division multiplexed (CPM) mannci) m 
all or a subset of the transmission channels used to transmit the information bits. The 
pilot data may be used at the receiver systems to perform channel estimation, 
[.1232] As shown in FIG. 9, the data coding, interleaving, and modulation (or a 
combination thereof) may be adjusted based on the available CSI (e.g.. as reported by 
the receiver systems). In one- coding and modulation scheme, adaptive, coding is 
achieved by using a fixed base code (e.g., a rave 1/3 Turbo code) and adjusting the 
puncturing to achieve the desired code rate, as supported by die SNRs of the 
transmission channels used to transmit the data. For this scheme, the puncturing may be 
performed after the channel interleaving. In another coding and modulation scheme,, 
different coding schemes may be used based on the repotted CSL For example, each of 
the data streams may be coded with an independent code. With tins scheme, the 
successive cancellation receiver processing technique may be used at the receivers to 
detect and decode the data streams to derive a more reliable estimate of the transmitted 
data streams, as described in further detail below, 
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[1233] Symbol mapping element 916 can be designed to group sets of interleaved 
bits to form non-binary symbols, and to map each non-binary symbol to a poinr in a 
signal constellation corresponding to a particular modulation scheme (e.g.. QPSK. M- 
PSK. M-QAM, or some other scheme) selected for the data stream. Each mapped 
signal point corresponds to a modulation symbol. The number of information bits that 
may be transmitted for each modulation symbol for a particular level of performance 
(e.g., one percent PER) is dependent on the SNRs of the transmission channels used to 
transmit the data stream. Thus, the coding and modulation scheme for each date stream 
may be selected based on the available CSL The channel interleaving .may also be 
adjusted based or; the available CSL 

[1234] The modulation symbols from TX data processor Bi4x am provided to TX 
M1MO processor S20x. TX MIMO processor 820x receives N» modulation symbol 
streams from No channel data processors 910 and demultiplexes the received 
modulation symbols into N T symbol vector streams. V { through V^ t? one symbol vector 
stream for each antenna Used to transmit data. Each symbol vector stream is provided to 
a respective modulator S22. In the embodiment shown in FIG. 9, each modulator <322 
includes an inverse fast Fourier transform C1FFT) processor 940, a cyclic prefix 
generator 942, and a transmitter (TMTR) 944. 

[1235] IFFT processor 940 converts each received symbol vector into its time- 
domain representation (which is referred to as an OFDM symbol) using the IFFT. IFFT 
processor 940 can be designed to perform the fFPT on any number of frequency 
subchannels (e.g., 8, .16, 32, ..... Nj.% ,*>). In an embodiment, for each symbol vector 
converted to an OFDM symbol, cyclic prefix generator 942 repeats a portion of the 
time-domain representation of the OFDM symbol to form a "transmission symbol" for a 
specific transmit antenna. The cyclic prefix ensures that the transmission symbol 
retains its orthogonal properties in the presence of mufti path delay spread, thereby 
improving performance against deleterious path effects. The implementation of IFFT 
processor 940 and cyclic prefix generator 942 is known in the art and not described in 
detail herein. 

[1236] Transmitter 944 then converts the time-domain transmission symbols from 
an associated cyclic prefix generator 942 into an analog signal, and farther amplifies, 
fillers, quadrature modulates, and upconverts the analog signal to provide a modulated 
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signal suitable for transmission over die wireless link. The modulated signals from 
transmitters 944 are then transmitted from antennas 824 to the terminals. 
[1237] An example- MfMO-OFDM system is described in the aforementioned U.S. 
Patent Application Serial No. 09/532.492. OFDM modulation is also described in a 
paper entitled "Muldearrier Modulation for Data Transmission : An idea Whose Time 
Has Come," by John A.C Bingham, IEEE Communications. Magazine, May 1990, 
which is incorporated herein by reference. 

[1238] FIG. 9 shows an example coding and modulation scheme that may be used 
with full or partial CS3 to provide; improved performance (e.g., high throughput). Some 
other coding and modulation schemes are described in further detail in die 
aforementioned U.S. Patent Application Serial Nos. 09/854,235, 09/826,481,, and 
09/956,449, and in US Patent Application Serial No. 09/776,075, entitled "Coding 
Scheme for a Wireless Communication System/' tiled February I. 2001, which is 
assigned to the assignee of the present application and incorporated herein by reference. 
Still other coding and modulation schemes may also be used, and this is within the 
scope of die invention. 

[1239] FIG. 10A is a block diagram of an embodiment of a receiver unit 1000a. For 
clarity, receiver unit 1000a is described as being the receiver' portion of one terminal 
106 in FIGS. 8 A and SB. However, receiver unit 1000a may also he used for the 
receiver ponton of base station 104 for uplink transmissions. 

[1240] The tunsmuted Mjinals fiom Ni transmit antennas ate tcoened bv each of 
N K antennas 852a through S52t\ and the received signal from each antenna is Tooted to a 
respective demodulator 854 (which is also referred to as a front-end. processor). Each 
demodulator 854 conditions (e.g., filters and amplifies) a respective received signal, 
downeonveris the conditioned signal to an intermediate frequency or baseband... and 
digitizes the downconverted signal to provide data samples. Bach demodulator 854 may 
further demodulate the data samples with a recovered pilot, 

[3.241] Each demodulator S54 also performs processing complementary to that 
performed by modulator 322 shown in FIG. 9. For OFDM, each demodulator 854 
includes an FFT processor and a demultiplexer (both of which are not shown m FIG. 
10A for simplicity). The FFT processor generates transformed representations of the 
data samples and provides a stream of symbol vectors. Each symbol vector includes N F 
symbols received .for Np frequency subchannels, and one vector is provided for each 
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symbol period. The Nr symbol vector streams from the FFT processors of all 
demodulators are then provided to the demultiplexer, which demultiplexes each symbol 
vector stream into No received symbol vector streams for the No frequency subchannel 
groups. Each received symbol vector includes N\ received symbols for the ^ 
frequency subchannels in the *-th frequency subchannel group, where 1 < N k < N P . The 
demultiplexer may then provide op to Ng-N& received symbol vector streams for the Nq 
frequency subchannel groups in the Nr received signals. 

[1242] Within a RX MIMO/data processor 860a, a spadal/space-time processor 
IO10 is used to perform MIMO processing, for the received symbols for each frequency 
subchannel poup used for data transmission. One spatial/space- time processor may be 
used to perform the MIMO processing for each frequency subchannel group, or one 
spatial/space-time, processor may be used to perform the MIMO processing for all 
frequency subchannel groups (e.g., in a time division multiplexed manner). 
[1243 j Spatial /space-time processor 1010 may be designed to perform spatial 
processing or space-time processing on the received symbols to provide estimates of the 
transmitted modulation symbols. Spatial processing may lie used for a non-dispersive 
channel (i.e.. a flat fading channel) to null out the urf desired signals and/or to maximize 
the received SNR of each of the constituent signals in the presence of noise and 
interference from the other signals. The spatial processing may be performed based on 
a channel con-elation matrix inversion (CCMI) technique, a minimum mean square error 
(MMSE) technique, a full-CSl technique, or some other technique. Space-time 
processing may be used for a dispersive channel (i.e,, a frequency selective fading 
channel) to ameliorate both "crosstalk" from the other transmitted signals as well as 
inter-symbol interference (JS1) from all of the tiansmitted signals due to dispersion in 
the chattel. The space-time processing may be performed based on a MMSE linear 
equalizer (MMSE-LE), a decision feedback equalizer (DFB), a maximum-likelihood 
sequence estimator (MLSE), or some other technique. Spatial and space-time 
processing is described in further detail in the aforementioned U.S. Patent Application 
Serial No, 09/993,087. 

|. 1244] For a particular frequency subchannel group, spatial/space-time processor 
1010 receives and processes Nr received symbol vector streams and provides N T 
recovered symbol vector streams. Each recovered symbol vector includes up to N* 
recovered symbols thai are estimates of the N* modulation symbols transmitted on the 
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N* frequency subchannels of the £-f.h frequency subchannel group in one symbol period. 
Sparial/space-time processor 1010 may further estimate the post-processed SNR for 
each received data stream. The SNR estimate may be derived as described in the 
aforementioned U.S. Patent Application Serial Nos. 09/956,449, 09/854,235, and 
09/993,087. 

{1245] A selector 1012 receives the N T recovered symbol vector streams from 
spatial/space-time processor 1010 and extracts the recovered symbols corresponding to 
the one or more data streams 10 be recovered. Alternatively, the desired recovered 
symbols are extracted within spatial/space-tfnie processor 1010. In any case, the desired 
recovered symbols are extracted and provided to a RX data processor 1020. 
11246] Within RX data processor 1020. a demodulation element 1022 demodulates 
each recovered symbol in accordance with a demodulation scheme (e.g., M-PSK, M- 
QAM) used for that symbol at the transmitter unit. 1'he demodulated data is then de- 
interleaved by a de-interkaver 1024 and the de-interleaved data is further decoded by a 
decoder 1026. The demodulation, demferieavmg, and decoding are performed in a 
complementary manner to the modulation, interleaving, and coding performed at the 
transmitter unit. For example, a Turbo decoder or a Viterbi decoder may be used for 
decoder 1026 if Turbo or convolution*! coding, respectively, is performed at. the 
transmitter unit Thv. decoded data s\t\. an tutfu dcxod^i 1026 repn^cntv <ai esnuiate o* 
the transmitted data stream, 

[1247] FIG. 10B is a block diagram of a receiver unit 1000b capable of 
implementing the successive cancellation receiver processing technique. Receiver unit 
1000b may also be used for the receiver portion of base station 1.04 or terminal .106. 
The tiansmittcd signals are teeeixed bv each of N* antennas 852, and tne receded 
signal from each antenna is routed to a respective demodulator 854, Each demodulator 
854 processes a respective received signal and provides a stream of received symbols to 
a RX MIMO/data processor 860b. RX MIMQ/data processor 860h may be used to 
process the Nr received symbol, vector streams from the r% receive antennas for each 
frequency subchannel group used for data transmission, where each received symbol 
vector includes N> received symbols for the frequency subchannels in the k-ih 
frequency subchannel group. 

[1248] In the embodiment shown in FIG. 108, RX MIMO/data processor 860b 
includes a number of successive (i.e., cascaded) receiver processing stages 1050, one 
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stage for each of the transmitted signals to he recovered. In one transmit processing 
scheme, one independent data stream is transmitted on each spatial subchannel of each 
frequency subchannel group. For this transmit processing scheme, the number of data 
streams for each frequency subchannel group is equal to the number of transmitted 
Signals, which is also equal to the number of transmit antennas used for data 
transmission (which may be all or a subset of the available tiansmif antennas). For 
clarity, RX MIMO/data processor 860b is described for this transmit processing 
scheme. 

[.1249] Each receiver processing stage 1050 (except for the last stage I050n) 
includes a channel MIMO/data processor 1060 coupled to an interference canceller 
1070. and the last stage 1050n includes only channel MIMO/data processor 1060n. For 
the first receiver processing stage 1050a, channel MIMO/data processor 1060a receives 
and processes the Nr received symbol vector streams from demodulators 854a through 
854r to provide a decoded data stream for the first transmitted signal. And for each of 
the second through last stages 1050b through 1050n, the channel MIMO/data processor 
1060 for that stage receives and processes the N$, ; modified symbol vector streams from 
the interference canceller 1.070 in the preceding stage to derive a decoded data stream 
for the transmitted signal being recovered by that stage. Each channel MIMO/data 
processor 1060 further provides CS1 (e.g., the SNR) for the associated transmission 
channel. 

0.250] For the first receiver processing stage 1050a, interference canceller 1070a 
receives the N E received symbol vector streams from all demodulators 854. And far 
each of the second through second-to-last stages, interference canceller 1070 receives 
the N& modified symbol vector streams from the interference canceller in the preceding 
stage, Each interference canceller 1070 also receives the decoded data stream from the 
channel MIMO/data processor 1060 within the same stage, and performs the processing 
(e.g.. coding, interleaving, and modulation) to derive N x remodulated symbol vector 
streams that are estimates of the N T transmitted modulation symbol vector streams for 
the frequency subchannel group, 

[1251] The N r re-modulated symbol vector streams (for the n -th iteration) are further 

processed with the estimated channel response to provide estimates, i ' , of the 

interference due to the decoded data stream. The estimates t include Nr vectors, with 
each vector being an estimate of a component in one of the Na received signals due to 



WO0MJ5S8E7I 



68 

tlie decoded data stream. These components are interference to the remaining (not yet 
detected) transmitted signals included in the N 8 received signals. Thus, the interference 

estimates, i \ are subtracted (i.e., canceled) from the received symbol vector streams, 
r" , to provide N R modified symbol vector streams. r' !vi , having the comporte-nis from 
the decoded data stream removed The modified symbol vector streams, r K+J , are 
provided to the next receiver processing stage, as shown in FIG. 1GB. Each interference 
canceller 1070 thus provides Nr modified symbol vector streams that include ail but the 
cancelled interference components. Controller 870 may be used to direct various steps 
in the successive cancellation receiver processing. 

£1252] The successive cancellation receiver processing technique is described in 
further detail m the aforementioned US Patent Application Serial Nos. 09/854,235 and 
09/993,087, and by P.W. Wolniansky et at. in a paper entitled "V-BLAST: An 
Architecture for Achieving Very High Data Rates over the Rich-Scattering Wireless 
Channel," Proc. IS5SE-98, Pisa, Italy, which is incorporated herein by reference. 
[1253] FIG. I OB shows a receiver structure that may be used in a straightforward 
manner u.hen one independent data stream is tranMrmted o\er each transmit antenna of 
each frequency subchannel group. Sn this case, each receiver processing stage 1030 
may be operated to recover one of the transmitted data streams and to provide the 
decoded data stream corresponding to the recovered data .stream. 
[1254] For some other transmit processing schemes, a data stream may be 
transmuted over multiple transmit antennas, frequency subchannels, and/or time 
intervals to provide spatial, frequency, and/or time diversity, respectively. For these 
schemes, the receiver processing initially derives a received symbol steam for each 
transmit antenna of each frequency subchannel. Modulation symbols for multiple 
transmit antennas, frequency subchannels, and/or time intervals may then be combined 
in a complement <arv manner, as die demultiplexing peitormtd at the ti^nsvuittu unit 
The stream of combined symbols is then processed to recover the transmitted data 
stream, 

[J 255] For simplicity, the receiver architecture shown in FIG. I0B provides the 
{received or modified) symbol vector streams to each receiver processing stage 1050, 
and these streams have the interference components due to previously decoded data 
streams returned canceled). In the embodiment shown in FIG. 10B, each stage 
remo\e& me mtuletenet: components cme tu the data stitam decoded o) that stage In 
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some other designs, the .received symbol vector streams may be provided fo ail stages, 
and each stage may perform the cancellation of interference components from all 
previously decoded data streams (which may be provided from preceding stages). The 
interference cancellation may also be skipped for one or more stages (e.g., if the S.NR 
for the data stream is high). Various modifications to the receiver archi lecture shown in 
FIG. 1GB maybe made and are within the scope of the invention, 
{1256] FIGS. iOA and JOB represent two embodiments of a receiver unit capable of 
processing a data transmission, determining the characteristics of the transmission 
channels (e.g., the post-processed SNR), and reporting CSI back to the transmitter unit. 
Other designs based on the techniques presented herein and other receiver processing 
techniques may also be contemplated and are- within the scope of the invention. 

Change! State information fCSQ 
[1257] The CS'i used to select the proper data rate and the coding and modulation 
scheme for each independent data stream may comprise any type of information that is 
indicative of the characteristics of the communication link. The CSI may be categorized 
as either f TuIi CSI" or "partial CSI". Various types of information may be provided as 
full or partial CSI, and some examples are described below. 

[1258] I« one embodiment, the partial CSI comprises SNR, which may be derived 
as the ratio of thr signal power ovei the ninsc-anri-mterfercn.ee power The SNR is 
typically estimated and provided for each transmission channel used for data 
transmission (e.g., each transmit data stream), although an aggregate SNR may also be 
provided for a number of transmission channels. The SNR estimate may be quantized 
to a value having a particular number of bits. In one embodiment, the SNR estimate is 
mapped to an SNR index, e.g., using a look-up table. 

[1259] In another embodiment, the partial CSI comprises signal power and noise- 
aud~hu.erference power. These two components may be separately derived and 
provided for each transmission channel or each set of transmission channels used for 
data transmission. 

[1260] In yet another embodiment, the partial CSI comprises signal pawei, noise 
power, and interference power. These three components may be derived and provided 
for each transmission channel or a set of transmission channels used for data 
transmission. 
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[126.1] la yei another embodiment, me partial CSi comprises signal-to-noise ratio 
and a list of interference powers for observable interference terms. This information 
may be derived and provided for each transmission channel or each set of transmission 
channels used for data transmission, 

[J 262| In yet another embodiment, me partial CSI comprises signal components in a 
matrix form (e.g.. N R x N r complex entries for ail transmit-receive antenna pairs) and 
the noise-and-interference components in matrix form (e.g., N K x N r complex, entries). 
The transmitter unit may then property combine the signal components and the noise- 
and-interference components for the appropriate transmit-receive antenna pairs to denve 
the quality of each transmission channel used for data transmission (e.g., the post- 
processed SNR for each transmitted data stream, as received at the receiver unit), 
[1263] In yei another embodiment, the partial CSI comprises a dafa rate indicator 
for each transmit data stream. The quality of the transmission channels to be used fot 
data transmission may be determined initially (e.g., based on the SNR estimated for the 
transmission channel) and a data rate corresponding to the determined channel quality 
may then be identified, (e.g., based on a look-up table) for each transmission channel or 
each group of transmission channels. The identified data rate is indicative of the 
maximum data rale that may be transmitted on the transmission channel for the required 
level of performance. The data rate may be mapped to and represented by a data rate 
indicator (DRI), winch may be efficiently coded. For example, if (up to) seven possible 
data rates are supported by the transmitter unit for each transmit antenna, then a 3 -bit 
value may be used to represent the DRi where, e.g., a zero may indicate a data rate of 
zero (i.e., don't use the transmit antenna) and I through 7 may be used to indicate seven 
different data rates. In a typical implementation, the channel quality measurements 
(e.g., the SNR estimates) are mapped directly to the DRI based on, e.g., a look-up table. 
P2641 In yet another embodiment, the partial CSI comprises a rate- to be- used at the 
transmitter unit for each data stream. In this embodiment, the rate may identify the 
particular coding and modulation scheme to be used for the data stream such that the 
desired level of performance is achieved, 

fI265] In yet another embodiment, the partial CSI comprises a differential indicator 
for a particular measure of quality for a transmission channel, Initially, the SNR or DRI 
or some other quality measurement for fee transmission channel is determined and 
reported as a reference measurement \alue. Thereafter, monitoring of the quality of the 
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Hulk continues, and the difference between She last reported measurement and the 
current measurement is determined. The difference may then be quantized to one or 
more, bits., and the quantized difference is mapped to and represented by the differentia! 
indicator, which is then reported. The differential indicator may indicate an increase or 
decrease to the last reported measurement by a particular step size (or to maintain the 
last reported measurement). For example, the differential indicator may indicate that (1) 
the observed SNR for a particular transmission channel has increased or decreased by a 
particular step size, or (2) the data rate should be adjusted by a particular amount, or 
some other change. The reference measurement may be transmitted periodically to 
ensure that errors in the differential indicators and/or erroneous reception of these 
indicators do not accumulate. 

{12661 Pull CSI includes sufficient characterization (e.g., the complex gain) across 
the entire system bandwidth (he,, each frequency subchannel) for the propagation path 
between each transmit-rsceive antenna pair in the N !c X R r channel response matrix 

BP). 

[1267} In one embodiment, the full CSl comprises eigenmodes plus any other 
information that is indicative of, or equivalent to, SNR, For example, the SNR-relafed 
information may be a data rate indication per eigenmode, an indication of the coding 
and modulation scheme to be used per eigenmode, the signal and interference power per 
eigenmode, the signal to interference ratio per eigenmode, and so on. The information 
described above for the partial CSi may also be provided as the SNR related 
information. 

[1268 j In another embodiment, the full CSl comprises a matrix A = H rf H. This 
matrix A is sufficient to determine the eigenmodes and eigenvalues of the channel, and 
may be a more efficient representation of the channel (e.g.. fewer bits may be required 
to transmit the full CSi for this representation). 

[1269] Differential upd&ic techniques may also be used for all of the full CSl data 
types. For example, differential updates to the full CSl characterization may be sent 
periodically, when the channel changes by some amount, and so on. 
fl370] Other forms of full or partial CSl may also be used and are within the scope 
of the invention. In general, the full or partial CSI includes sufficient information in 
whatever form that may be used to adjust the processing at the transmitter unit such that 
the desired level of performance is achieved for the transmitted data streams. 
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Deriving and Reporting CSi 
[1371 J The CSI may be derived based on the signals transmitted by the transmitter 
unit and received at. the receiver unit. In an embodiment, the CSI is derived based on a 
pilot included in the transmitted signals. Alternatively or additionally, the CSI may be 
derived based on the data included in the transmitted signals. 

[1272] In yet another embodiment, the CSI comprises one or more signals 
transmitted on the reverse ImY trom the ieceivta unit to the tunsmittet unit tn some 
systems, a degree of eon-elation may exist between the downlink and uplink (e.g. tor 
time division duplexed (TDD) systems, where the uplink and downlink share the same 
system bandwidth in a time division -multiplexed manner). In these systems, the quality 
of the downhnk may be estimated (to a requisite degree of accuracy) based on the 
quality of the uplink, which may be estimated based on signals (e.g., pilot signals) 
transmitted from the receiver unit. The pilot signals transmitted on the uplink would 
then represent a means by which the transmitter unit could estimate the CSI as observed 
at the receiver unit. In TDD systems, the transmitter unit can derive the channel 
response matrix &{k) (e.g., based on the pilot transmitted on the uplink), account for 
differences between the transmit and receive array manifolds, and receive an estimate of 
the noise variance at the receiver emit The array manifold deltas may be resolved by a 
periodic calibration procedure that may involve feedback between the receiver unit and 
transmitter mil 

P273] The signal quality may be estimated at the receiver unit based on various 
techniques. Some of these techniques are described in the following patents, which are 
assigned to the assignee of the present application and incorporated herein by reference; 

* U.S Patent No. 5,799.005, entitled ''System and Method for Determining 
Received Pilot Power and Path Loss in a CDMA Communication System," 
issued August 25, 1998; 

* U.S. Patent No. 5,903,554, entitled "Method and Apparatus for Measuring Link 
Quality in a Spread Spectrum Communication System," issued May 11, 1999; 

« US. Patent Nos. 5,056,109, and 5,265,119, both entitled "Method and 
Apparatus for Controlling Transmission Power in a CDMA Cellular Mobile 
Telephone System," respectively issued October 8, 1991 and November 23, 
1993; and. 
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* LIS Patent No. 6,097,972, entitled "Method and Apparatus for Processing Power 
Control Signals in CDMA Mobile Telephone System/' issued August 1. 2000. 

[1274] The CSI may be reported back to the transmitter unit using, various CSI 
UartMinkMuu sdumes Fot example, the CSI nxav be Mint in full, thffacritijih , or a 
combination thereof, in one embodiment, full or partial CSI is reported periodically, 
and differential updates are sent based on the prior transmitted CSL As an example for 
mil CSI, the updates may be corrections (based on an error signal) to the reported 
eigenmocfes. The eigenvalues typically do not change as rapidly as the sigenraodes. so 
these may be updated at a lower rate. In another embodiment, the CSI is sent only when 
there is a change (e.g.. if the change exceeds a particular threshold), which may lower 
the effective rate ot the feedback channel As an example for partial CSI, the SNRs 
may be sent back (e.g., differentially) only when they change. For an OFDM system, 
correlation in the frequency domain may be exploited to permit reduction in the amount, 
of CSI to be fed back. As an example lor an OFDM system using partial CSL if the 
SNR corresponding to a particular spatial subchannel for N M frequency subchannels is 
similar, the SNR and the first and last frequency subchannels for which this condition is 
true may be reported. Other compression and feedback channel error recovery 
techniques to reduce the amount of data to be fed back for CSI may also be used and are 
within the scope of the invention, 

C127SJ Various types of information for CSI and various CSI reporting mechanisms 
are also described in O.S Patent Application Serial No. 08/963386, entitled "Method 
and Apparatus for High Rate Packet Data Transmission," riled November 3, 1997, 
assigned to the assignee of the present application, and in i TIE/ElA/IS-856 cdma2000 
High Rate Packet Data Air Interface Specification", both of which are incorporated 
herein by reference. 

[1276] For clarity, various aspects and embodiments of the resource allocation have 
been described specifically for the downlink and uplink. Various techniques described 
herein may also be used to allocate resources m "ad hoe" or peer-to-peer networks, and 
this is within the scope of the invention. 

[12771 The M0V1G-OFDM system described herein may also be designed to 
implement any number of standards and designs for CDMA. TDM A, FDMA, and other 
multiple access techniques. The CDMA standards include the IS-95, cdma2000, and 
W-CDMA standards., and the TDMA standards include the Global System for Mobile 
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Comnumications (GSM) standard. These- standards are known in the an and 
incorporated herein by reference. 

[1278] The dement s of the base station and terminals may be implemented with one 
or more digital signal processors (DSP), application specific integrated circuits {ASIC), 
processors, microprocessors, controllers. microcontrollers, field programmable gate 
arrays (FPG/Vk programmable logic devices, other electronic units, or any combination 
thereof. Some of the Functions and processing described herein may also be 
implemented with software executed on a processor, 

[1279] Certain aspects of the invention may be implemented with a combination of 
software and hardware. For example, the processing to schedule terminals for downlink 
arid/or uplink data transmission may be performed based on program codes executed on 
a processor (scheduler 834 in FIG. 8). 

|t280| Headings .ire included herein for reference and to aid jn locating certain 
sections. These heading are not intended to limit the scope of the concepts described 
therein under, and these concepts may have applicability in other sections throughout 
the entire specification. 

[128.1] The previous description of the disclosed embodiments is provided to enable 
any person skilled in the art to make or use ihe present invention. Various 
modification* to these embodiments will be readily apparent to those skilled in the art, 
and the generic principles defined herein may be applied to other embodiments without 
departing from the spirit or scope of the invention. Thus, the present invention is not 
intended to be limited to the embodiments shown herein but is to be accorded the widest 
scope consistent with the principles and novel features disclosed herein. 
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CLAIMS 

1, A method for scheduling data transmission for a plurality of terminals in 
2 a wireless communication system, comprising: 

forming at least one set of terminals for possible data transmission for each of a 
4 plurality of frequency bands, wherein each sec includes one or more terminals and 

corresponds to & hypothesis to he evaluated: 
6 evaluating the performance of each hypothesis; 

selecting one hypothesis for each frequency band based on the evaluated 
8 performance; and 

scheduling the one or more terminals in each selected hypothesis for data 
1 0 transmission on the corresponding .frequency band. 

2> The method of claim 1, wherein each frequency hand corresponds to a 
2 respective group of one or mom frequency subchannels, 

3. The method of claim i, wherein the plurality of terminals are scheduled 
2 for downlink data transmission, 

4 . The method of claim 3, further comprising: 

2 forming one or more sub-hypotheses for each hypothesis, wherein each sub- 

hypothesis corresponds to specific assignments of a plurality of transmit antennas to the 

4 one o: more terminals m the hypothesis, and wherein the performance of each sub- 
hypothesis is evaluated and one sub- hypothesis is selected for each frequency band 

8 based on the evaluated performance. 

5. The method of claim 3, further comprising; 

2 assigning a pluraht) of trannmt antenna* to the one oi mote fenoinals m each 

hypothesis, and wherein the performance of each hypothesis is evaluated based in part 
4 on the antenna assignments for the hypothesis. 

6. The method of claim 5, wherein the assigning for each hypothesis 
2 includes 
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identifying a transmit antenna and terminal pair with a best metric among all 
4 unaligned transmit anfetmas, 

assigning the transmit antenna in the pair to the terminal m the pair, and 
6 removing the assigned transmit antenna and terminal from consideration for the 

hypothesis, 

7. The method of claim 1 wherein the plurality of transmit antennas are 
2 assigned to the one or more terminals in each hypothesis based on a priority of each 

terminal. 

8. The method of claim 7, wherein the highest priority terminal in each 
2 hypothesis is assigned a transmit antenna associated with a highest throughput, and the 

lowest priority terminal in the hypothesis is assigned a transmit antenna associated with 
4 a lowest throughput 

The method of claim 3, further comprising: 
2 forming a channel response matrix for a plurality of terminals in a particular 

hypothesis, and wherein the performance of the hypothesis is evaluated based on the 
4 channel response matrix. 

10. The method of claim 9. wherein the evaluating includes 
2 deriving a matrix of steering vectors to be used to generate a plurality of beams 

for the plurality of terminals in the particular hypothesis, 

1 i . The method of claim 10. further comprising: 
2 deriving a scaling matrix to be used to adjust transmit power for each terminal in 

the particular hypothesis; 

,12. The method of claim 1, wherein the plurality of terminals are scheduled 
2 for uplink data transmission. 



1 3. The method of claim 12, further comprising: 
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2 forming one or more sub-hypotheses for each hypothesis* wherem each sub- 

hypothesis corresponds to a specific ordering of the one or more terminals in the 

4 hypothesis, and wherein the performance of each sub-hypothesis is evaluated and one 
sub-hypothesis is selected for each frequency band based on the evaluated performance. 

14. The method of claim 13, wherein one terminal ordering is formed tor 
2 each hypothesis based on a priority of each terminal in the hypothesis. 

15. The method of claim 13, wherein each sub-hypothesis is evaluated by 

2 processing signals hypothetic-ally transmitted from the one or more terminals in 

the sub-hypothesis to provide processed signals, and 
4 estimating stgna3~to~noise-and-interference ratios (SNRs) for the processed 

signals. 

.16. The method of claim 15, wherein the SNRs for the processed signals are 
2 dependent on & particular order in which the hypothetical ly transmitted signals are 
processed, and wherein the hypothetical!}' transmitted signals are processed in a specific 
4 order determined by the terminal ordering for the sub-hypothesis being evaluated. 

!7. The method of claim 15, wherein one sub-hypothesis is formed for each 
2 hypothesis, and wherein the terminal ordering for the sub-hypothesis is determined 
baaed on the SNRs for the processed signals, 

IS, "Die method of claim 15, wherein one sub-hypothesis is formed for each 
2 hypothesis, and wherein transmitted signals from a lowest priority terminal in the 
hypothesis are processed first and transmitted signals from a highest priority terminal 
4 are processed last. 

19. The method of claim 12, wherein the performance of each hypothesis is 
2 evaluated based on successive cancellation receiver processing, 

20. The method of clai.ni 19, wherein the successive cancellation receiver 
2 processing performs a plurality of iterations io recover a plurality of signals 
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hypothetical! y iraifsraitted from the erne or more terminals in each hypothesis, one 
4 iteration for eacti hypothetical!)' transmitted signal to be recovered. 

24 , The method of claim 20, wherein each iteration includes 
2 pioeessmg a plurality of input MgruL m accordance with a particular 

equalisation scheme to provide a plurality of processed signals, 
4 detecting the processed signal corresponding to the hypothetical iy transmitted 

signal being recovered in the iteration to provide a decoded data stream, and 
8 selectively deriving a plurality of modified signals based on the input signals and 

having interference components due to the decoded data stream approximately 
8 removed, attd 

wherein the input signals for a first, iteration are signals received from the one or 
10 more terminals in the hypothesis being evaluated and the input, signals for each 
subsequent iteration are the modified signals from a preceding iteration. 

22. The method of claim i ; wherein each hypothesis is evaluated based in 
2 part cm channel state information (CSI) for each terminal in the hypothesis. 

23. The method of claim 22, wherein the channel state information 
2 comprises signal 4o-noise-aud-inter.ference ratios (SNRs). 

24. The method of claim 23, wherein each set of one or more terminate to be 
2 evaluated for a particular frequency band is associated with a respective matrix of SNRs 

achieved by the one or more terminals ?n the set for that frequency band. 

25. The method of claim 22, wherein die channel state information 
2 comprises a ehanne gam tar each transmit -i tret \e antenna nan to oe wed tor data 

trarssmissioii, 

2(i The method of claim L further comprising: 
2 determining a data rate for each data stream to be transmitted for each scheduled 

terminal, and wherein a plurality of data steams are transmitted at the determined data 
4 rates. 
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27. The method of claim 26, further coaiprisiog: 

2 determlnmg a coding and modulation scheme to be used for each data stream fo 

be transmitted, and wherein the plurality of data streams are processed based on the 
4 determined coding and modulation schemes prior to transmission. 

28. Ihe mirihod *j + daun 1, wherein the pmraHy ot temwuK aa- scheduled 
2 for data traTi.sm.iss.ion over a plurality of spatial subchannels. 

29. The method of claim 2$, wherein each selected hypothesis includes a 
2 plurality of SIMO terminals, wherein each SIMO terminal is assigned one spatial 

subchannel. 

30. The method of claim 28, wherein each selected hypothesis includes a 
2 single MIMO terminal assigned ail spatial subchannels, 

31. The method of claim 2S } wherein each selected hypothesis includes a 
2 combination of SIMO and MEMO terminals, wherein each SIMO terminal is assigned 

one spatial subchannel and each MIMO terminal is assigned two or more spatial 
4 subchannels,. 

32. The method of claim 1 , wherein at least one set includes a plurality of 
2 M2SQ terminals each having a single antenna to receive a downlink data transmission. 

33. The method of claim 1, wherein each set of multiple terminals includes 
2 terminals having similar link margins. 



34, The method of claim I, wherein the evaluating for each hypothesis 
2 includes 

computing a performance metric for the hypothesis. 
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35. The method of claim 34, wherein The performance metric is a function of 
2 an overall throughput achievable by the one- or more terminals in the hypothesis for a 

particular frequency band. 

36, The method of claim 35 , wherein the throughput for each lenuinal in the 
2 hypothesis is determined based on a signal-to-noise- arid-interference ratio (SNR) 

achieved by the terminal for the particular frequency band. 
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37. The method of claim 35, wherein the throughput for each terminal is 
determined based on a &ignai4o-noise-and-interference ratio (SNR) achieved by the 
terminal for each of a plurality of frequency subchannels in the particular frequency 
4 band. 
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3S. Hie method ot claim 34, wherein for each frequency hand the hypothesis 
having the best performance metric is selected for scheduling. 

39. The method of claim I, further comprising: 

prioritizing the plurality of terminals to be scheduled for data transmission. 



40. The method of claim 39, further comprising: 

2 selecting a group of N highest priority terminals io be considered for scheduling 

for each frequency band, where N is one or greater. 

41 , The method of claim 39, further comprising: 

2 maintaining one or more memos for each terminal to be considered for 

scheduling, and wherein the priority of each terminal is determined based on the one or 
4 more metrics maintained for the terminal. 
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42, The method of claim 41, wherein one metric maintained for each 
terminal relates to an average throughput achieved by the terminal. 



Si. 

43. The method of claim 39, wherein the priority of each terminal is 
2 determined based on one or more factors maintained for the terminal and assoeiared 

with quality of service (QoS), 

44. in a multiple-input multiple-output (MIMO) communication system 
2 utilizing orthogonal frequency division multiplexing (OFDM), a method for scheduling 

downlink data transmission for a plurality of terminals, comprising: 
4 forming at least one set of terminals for possible data transmission for each of a 

plurality of frequency bands, wherein each set includes one or more terminals and 
6 corresponds to a hypothesis to be evaluated, and wherein each frequency band 

corresponds to a respective group of one or more frequency subchannels; 
8 forming one or more sub-hypotheses for each hypothesis, wherein each sub- 

hypothesis corresponds to specific assignments of a plurality of transmit antennas to the 
1 0 one or more terminals in the hypothesis; 

evaluating the performance of each sub-hypothesis; 
12 selecting one sub-hypothesis for each frequency band based on the evaluated 

performance: and 

14 scheduling the one or more terminals, tn each selected sub-hypothesis for 

downlink data transmission on the corresponding frequency band. 

45. The .method of claim 44, wherein the evaluating for each sub-hypothesis 
2 includes 

determining an overall throughput for the one or more terminals in I he sub- 
4 hypothesis based on the specific antenna assignments, and 

wherein for each frequency band the sub-hypothesis with the highest throughput 
8 is selected, 

46. The method of claim 44, wherein one set of terminals is formed, and 
2 wherein the one or more terminals in each set are selected based, on priority, 

47. in a multipie-inptn multiple-output (M1MO) communication system 
2 utilizing orthogonal frequency division multiplexing (OFDM), a method for scheduling 

downlink data transmission for a plurality of terminals, comprising; 



4 forming at least one set of terminals for possible data transmission for each of a 

plurality of frequency bands, wherein each set includes a plurality of terminals and 

8 corresponds to a hypothesis to be evaluated, and wherein each frequency bund 
corresponds to a respective group of one or more frequency subchannels; 

3 forming a channel response matrix for the plurality of terminals in each 
hypothesis* 

10 evaluating the performance of each hypothesis based on the channel response 

matrix; 

12 selecting one hypothesis for each frequency band based on the evaluated 

performance; and 

14 scheduling the one or more terminals in each selected hypothesis for downlink 

data transmission on the corresponding frequency band, 

48, in a multiple-input multiple-output (MfMO) communication system 
2 utilizing orthogonal frequency division multiplexing (OFDM), a method for scheduling 

uplink data transmission for a plurality of terminals, comprising: 

4 forming at (east one set of terminals for possible data transmission for each of a 
plurality of frequency bands, wherein each set includes one or more terminals and 

6 corresponds to a hypothesis to be evaluated, and wherein each frequency band 
corresponds to a respective group of one or more frequency subchannels; 

5 fomiing one or more sub-hypotheses for each hypothesis, wherein each sub- 
hypothesis corresponds to a specific ordering of the one or more terminals in the 

10 hypothesis 

evaluating the performance of each sub-hypothesis; 
12 selecting one sub-hypothesis for each frequency band based on the evaluated 

performance; and 

14 scheduling the one or more terminals in each selected sub-hypothesis for uplink 

data transmission on the corresponding frequency band, 

49, The method of claim 48, wherein signals transmitted from the one or 
2 more scheduled terminals in the selected sub-hypothesis for each frequency band are 

processed in a particular order determined by the ordering for the sub-hypothesis. 
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SO, The method of claim 48, wherein the evaluating for each sub-hypothesis 
2 includes 

processing each signal hypothetical!)/ transmitted from each terminal in the sub- 
4 hypothesis to provide a corresponding processed signal and 

determining a signai-to-notse-and-interference ratio (SNR) for each processed 

6 signal- 
Si. The method of claim 50, wherein one sub-hypothesis is formed for each 
2 hypothesis, and wherein the ordering in the sub-hypothesis is selected to achieve 3 best- 
performance for the hypothesis, as determined by one or more performance metrics. 

52. A memory communicatively coupled to a digital signal processing 
2 device (DSPD) capable of interpreting digital information to; 

receive channel state information (CSI) indicative of channel estimates tot' a 
4 plurality of terminals in a wireless communication system; 

form at. least one set of terminals for possible data transmission for each of a 
8 plurality of frequency bands, wherein each set includes one or marc terminals and 

corresponds to a hypothesis to be evaluated; 
8 evaluate the performance of each hypothesis based in part on the channel state 

information for the one or more terminals in the hypothesis; 
10 select one hypothesis for each frequency band based on the evaluated 

performance; and 

12 schedule the one or more terminals in each selected hypothesis for data 

transmission on the corresponding frequency band. 

53. A computer program product for scheduling data transmission for a 
2 plurality of terminals in a wireless communication system, comprising; 

code for receiving channel state information (CSI) indicative of channel 
4 estimates for a plurality of terminals in the communication system; 

code for forming at least one set of terminals for possible data transmission for 
6 each of a plurality of frequency bands, wherein each set includes one or more terminals 
and corresponds to a hypothesis to be evaluated; 
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8 code for evaluating the performance of each hypothesis based in part on the 

channel state information for the one or more terminals in the hypothesis; 
10 code for selecting one hypothesis tor each frequency band based on the 

evaluated performance; 

12 code for scheduling the one or more terminals in each selected hypothesis for 

data transmission on the corresponding frequency band; and 
14 a computer-usable medium for storing the codes. 

54. A scheduler in & multiple-input multiple-output (MIMO) communication 
2 system utilizing orthogonal frequency division multiplexing (OFDM), comprising: 

means for receiving channel state information (CS1) indicative of channel 
4 estimates for a plurality of terminals in the communication system; 

means for forming at least one set of terminals for possible data transmission for 
8 each of a plurality of frequency bands, wherein each set includes one or more terminals 

and corresponds to a hypothesis to be evaluated; 
8 means for evaluating the performance of each hypothesis based in pan on the 

channel state information for the one or more terminals in the hypothesis; 
10 means for selecting one hypothesis for each frequency band based on the 

evaluated performance; and 
1 2 means for scheduling the one or mote terminals in each selected hypothesis for 

data transmission on the corresponding frequency band. 

55 . The scheduler of claim 54, further comprising: 

2 means for forming one or more sub- hypotheses for each hypothesis, wherein 

each sub-hypothesis corresponds to specific assignments of a plurality of transmit 

4 antennas to the one or more terminate in the hypothesis for downlink data transmission, 
wherein the performance of each sub-hypothesis is evaluated and one sub-hypothesis is 

6 selected for each frequency band based on the evaluated performance. 

56. The scheduler of claim .54 . further comprising; 

2 means for forming one or mots sub-hypotheses for each hypothesis, wherein 

each sub-hypothesis corresponds to a specific order for processing uplink data 
4 transmissions from the one or more terminals in the hypothesis, wherein the 
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performance of each sub-hypothesis is evaluated awl one sub-hypothesis is selected for 
8 each frequency band based on the evaluated performance. 

57. The scheduler of claim 54, further comprising: 

2 means fot prioritizing the plurality of terminals to be scheduled for data 

transmission. 

58. ■ A base station in a multiple- input multiple-output (MIMO) 
2 communication system utilizing orthogonal frequency division multiplexing (OFDM), 

comprising: 

4 a scheduler operative to receive channel state information (CSt) indicative of 

channel estimates for a plurality of terminals to the communication system, select a set 
6 of one or more terminals for data transmission for each of a plurality of frequency 
bands, and assign the one or more terminals in each selected set with a plurality of 
8 spatial subchannels in the corresponding frequency band; 

a transmit data processor operative to receive and process data to provide a 
10 plurality of data streams for transmission to one or more scheduled terminals, wherein 
the data is processed based on the channel state information for the one or more 
12 scheduled tennmals; 

at least one modulator operative to process the plurality of data streams to 
1 4 provide a plurality of modulated signals; and 

a plurality of antennas configured to receive and transmit the plurality of 
1 8 modulated signals to the one or more scheduled terminals, 

59. The base station of claim 58, wherein the scheduler is further operative 
2 to select a data rate for each data stream. 

60. The base station of claim 58, wherein the scheduler is further operative 
2 to select a coding and modulation scheme to be used for each data stream, and wherein 

the transmit data processor is further operative to process the data for each data stream 
4 based on the coding and modulation scheme selected for the data stream. 



The base station of claim 58, further comprising; 
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2 at least one demodulator operative to process a plurality of signals received via 

the plurality of amennas to provide a plurality of received signals and 

4 a receive data processor operative to process the plurality of received signals to 

derive channel state iufonnarion for the plurality of terminals in the communication 

8 system. 

62. A transmitter apparatus in a multiple-input multiple-output (M.1MO) 
2 communication system utilizing orthogonal frequency division multiplexing (OFDM). 

comprising: 

4 means for receiving channel state mformatiou (C$1) indicative of channel 

estimates for a plurality of terminals in the communication system; 
8 means for selecting a set of one or more terminals for data transmission for each 

of a plurality of frequency bands; 
8 means for assigning the one or more terminals m each selected set with a 

plurality of spatial subchannels m the coraapondmg frequency band; 
1 0 means for processing data to provide a plurality of data streams for transmission 

to one. or more scheduled terminals, wherein the data is processed based on the channel 
1 2 state information for the one or more scheduled terminals; 

means for processing the plurality of data streams to provide a plurality of 
1 4 modulated signals; and 

means for transmitting the plurality of modulated signals to the one or more 
1 8 scheduled terminals. 

63. A terminal in a multiple-input multiple-output (M1MO) communication 
2 system, comprising; 

a plurality of antennas, each antenna configured to receive a plurality of 

4 transmitted signals and to provide a respective received signal; 

a plurality of front-end units, each front-end unit operative to process a 

5 respective received signal to provide a corresponding stream of samples, and 10 derive 
channel state information (CSI) for a plurality of sample streams; 

8 a receive processor operative to process the plurality of sample streams from the 

plurality of front-end units to provide one or more decoded data streams; and 



m 

10 a transmit data processor operative to process the channel state information for 

transmission, and 

12 wherein the terminal is one of one or more terminals included in a set scheduled 

for data transmission via one or more of a plurality of frequency bands for a particular 
14 time interval, 

64 . The terminal of claim 63, further comprising; 

2 at least one demodulator operative to process the plurality of sample streams to 

provide- one or more received symbol streams for one or more spatial subchannels of 

4 one or more frequency subchannels assigned to the terminal for downlink data 
transmission, 

65, A multiple-input multiple-output (MTMO) communication system 
2 utihnuj? orthogonal frequent-) divwon muhiplevug {OFDM), v.oropnsmg 

a scheduler operative to receive channel state information (CSX) indicative of 
4 channel estimates for a plurality of terminals: in the communication system, select a set 
of one or more terminals for data transmission on each of a plurality of frequency bands, 
8 and assign tnc om ox mm* turrrmais iu each se'eckd s»ct w<m a plmabty of spatnti 

subchannels in the corresponding frequency hand; 
8 a base station operative to process transmissions for one or more terminals 

scheduled for data transmission on the plurality-' of spatial subchannels of the plurality of 
1 0 frequency bands; and 

a plurality of terminals, each terminal operative to communicate with the base 
1 2 station via one or more spatial subchannels of one or more frequency bands assigned to 
the terminal when scheduled for data transmission by the scheduler, 
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receiver, which use channel eigen-decomposition, 
channel inversion, and (optionally) "water-pouring". At the transmitter, (1) channel eigen-decomposition is performed to determine 
eigenmodes of a MIMO channel and to derive a first set of steering vectors, (2) channel inversion is performed to derive weights 
(e.g., one set for each eigenmode) used to minimize ISI distortion, and (3) water-pouring may be performed to derive scaling values 
indicative of the transmit powers allocated to the eigenmodes. The first set of steering vectors, weights, and scaling values are used 
to derive a pulse-shaping matrix, which is used to precondition modulation symbols prior to transmission. At the receiver, channel 
eigen-decomposition is performed to derive a second set of steering vectors, which are used to derive a pulse-shaping matrix used to 
^ condition received symbols such that orthogonal symbol streams are recovered. 
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SIGNAL PROCESSING WITH CHANNEL EIGENMODE 
DECOMPOSITION AND CHANNEL INVERSION FOR MIMO 
SYSTEMS 

BACKGROUND 

Field 

[1001] The present invention relates generally to data communication, and more 
specifically to techniques for performing signal processing with channel eigenmode 
decomposition and channel inversion for multiple-input multiple-output (MIMO) 
communication systems. 

Background 

[1002] A multiple-input multiple-output (MIMO) communication system employs 
multiple (Nt) transmit antennas and multiple (N R ) receive antennas for data 
transmission. A MIMO channel formed by the N T transmit and N R receive antennas 
may be decomposed into Ns independent channels, with N s < min {N T ,N R }. Each of 
the independent channels is also referred to as a spatial subchannel of the MIMO 
channel and corresponds to a dimension. The MIMO system can provide improved 
performance (e.g., increased transmission capacity) if the additional dimensionalities 
created by the multiple transmit and receive antennas are utilized. 
[1003] The spatial subchannels of a wideband MIMO system may encounter 
different channel conditions due to various factors such as fading and multipath. Each 
spatial subchannel may thus experience frequency selective fading, which is 
characterized by different channel gains at different frequencies (i.e., different 
frequency bins or subbands) of the overall system bandwidth. With frequency selective 
fading, each spatial subchannel may achieve different signal-to-noise-and-interference 
ratios (SNRs) for different frequency bins. Consequently, the number of information 
bits per modulation symbol (or data rate) that may be transmitted at different frequency 
bins of each spatial subchannel for a particular level of performance (e.g., 1% packet 
error rate) may be different from bin to bin. Moreover, because the channel conditions 
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typically vary with time, the supported data rates for the bins of the spatial subchannels 
also vary with time. 

[1004] To combat frequency selective fading in a wideband channel, orthogonal 
frequency division multiplexing (OFDM) may be used to effectively partition the 
system bandwidth into a number of (Nf) subbands (which may also be referred to as 
frequency bins or subchannels). With OFDM, each frequency subchannel is associated 
with a respective subcarrier upon which data may be modulated. For a MTMO system 
that utilizes OFDM (i.e., a MEVIO-OFDM system), each frequency subchannel of each 
spatial subchannel may be viewed as an independent transmission channel. 
[1005] A key challenge in a coded communication system is the selection of the 
appropriate data rates and coding and modulation schemes to be used for a data 
transmission based on channel conditions. The goal of this selection process is to 
maximize throughput while meeting quality objectives, which may be quantified by a 
particular packet error rate (PER), certain latency criteria, and so on. 
[1006] One straightforward technique for selecting data rates and coding and 
modulation schemes is to "bit load" each transmission channel in the MIMO-OFDM 
system according to its transmission capability, which may be quantified by the 
channel's short-term average SNR. However, this technique has several major 
drawbacks. First, coding and modulating individually for each transmission channel 
can significantly increase the complexity of the processing at both the transmitter and 
receiver. Second, coding individually for each transmission channel may greatly 
increase coding and decoding delay. And third, a high feedback rate would be needed 
to send channel state information (CSI) indicative of the channel conditions (e.g., the 
gain, phase, and SNR) of each transmission channel. 

[1007] For a MIMO system, transmit power is another parameter that may be 
manipulated to maximize throughput. In general, the overall throughput of the MIMO 
system may be increased my allocating more transmit power to transmission channels 
with greater transmission capabilities. However, allocating different amounts of 
transmit power to different frequency bins of a given spatial subchannel tends to 
exaggerate the frequency selective nature of the spatial subchannel. It is well known 
that frequency selective fading causes inter-symbol interference (ISI), which is a 
phenomenon whereby each symbol in a received signal acts as distortion to subsequent 
symbols in the received signal. The ISI distortion degrades performance by impacting 
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the ability to correctly detect the received symbols. To mitigate the deleterious effects 
of LSI, equalization of the received symbols would need to be performed at the receiver. 
Thus, a major drawback in frequency-domain power allocation is the additional 
complexity at the receiver to combat the resultant additional ISI distortion. 
[1008] There is therefore a need in the art for techniques to achieve high overall 
throughput in a MIMO system without having to individually code each transmission 
channel and which mitigate the deleterious effects of ISI. 

SUMMARY 

[1009] Techniques are provided herein for processing a data transmission at a 
transmitter and a receiver of a MIMO system such that high performance (e.g., high 
overall throughput) is achieved. In an aspect, a time-domain implementation is 
provided which uses frequency-domain channel eigen-decomposition, channel 
inversion, and (optionally) "water-pouring" results to derive pulse-shaping and beam- 
steering solutions for the transmitter and receiver. 

[1010] Channel eigen-decomposition is performed at the transmitter to determine 
the eigenmodes (i.e., the spatial subchannels) of a MEMO channel and to obtain a first 
set of steering vectors, which are used to precondition modulation symbols prior to 
transmission over the MIMO channel. Channel eigen-decomposition may be performed 
based on an estimated channel response matrix, which is an estimate of the (time- 
domain or frequency-domain) channel response of the MEMO channel. Channel eigen- 
decomposition is also performed at the receiver to obtain a second set of steering 
vectors, which are used to condition received symbols such that orthogonal symbol 
streams are recovered at the receiver. _ 
[1011] Channel inversion is performed at the transmitter to derive weights, which 
are used to minimize or reduce the amount of ISI distortion at the receiver. In 
particular, the channel inversion may be performed for each eigenmode used for data 
transmission. One set of weights may be derived for each eigenmode based on the 
estimated channel response matrix for the MEMO channel and is used to invert the 
frequency response of the eigenmode. 

[1012] Water-pouring analysis may (optionally) be used to more optimally allocate 
the total available transmit power to the eigenmodes of the MEMO channel. In 
particular, eigenmodes with greater transmission capabilities may be allocated more 
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transmit power, and eigenmodes with transmission capabilities below a particular 
threshold may be omitted from use (e.g., by allocating these bad eigenmodes with zero 
transmit power). The transmit power allocated to each eigenmode then determines the 
data rate and possibly the coding and modulation scheme to be used for the eigenmode. 
[1013] At the transmitter, data is initially processed (e.g., coded and modulated) in 
accordance with a particular processing scheme to provide a number of modulation 
symbol streams (e.g., one modulation symbol stream for each eigenmode). An 
estimated channel response matrix for the MIMO channel is obtained (e.g., from the 
receiver) and decomposed (e.g., in the frequency domain, using channel eigen- 
decomposition) to obtain a set of matrices of right eigen-vectors and a set of matrices of 
singular values. A number of sets of weights are then derived based on the matrices of 
singular values, with each set of weights being used to invert the frequency response of 
a respective eigenmode used for data transmission. Water-pouring analysis may also be 
performed based on the matrices of singular values to obtain a set of scaling values 
indicative of the transmit powers allocated to the eigenmodes. A pulse-shaping matrix 
for the transmitter is then derived based on the matrices of right eigen-vectors, the 
weights, and the scaling values (if available). The pulse-shaping matrix comprises 
steering vectors, which are used to precondition the streams of modulation symbols to 
obtain streams of preconditioned symbols to be transmitted over the MIMO channel. 
[1014] At the receiver, the estimated channel response matrix is also obtained (e.g., 
based on pilot symbols sent from the transmitter) and decomposed to obtain a set of 
matrices of left eigen-vectors. A pulse-shaping matrix for the receiver is then derived 
based on the matrices of left eigen-vectors and used to condition a number of received 
symbol streams to obtain a number of recovered symbol streams. The recovered 
symbols are further processed (e.g., demodulated and decoded) to recover the 
transmitted data. 

[1015] Various aspects and embodiments of the invention are described in further 
detail below. The invention further provides methods, digital signal processors, 
transmitter and receiver units, and other apparatuses and elements that implement 
various aspects, embodiments, and features of the invention, as described in further 
detail below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[1016] The features, nature, and advantages of the present invention will become 
more apparent from the detailed description set forth below when taken in conjunction 
with the drawings in which like reference characters identify correspondingly 
throughout and wherein: 

[1017] FIG. 1 is a block diagram of an embodiment of a transmitter system and a 
receiver system in a MIMO system; 

[1018] FIG. 2 is a block diagram of a transmitter unit within the transmitter system; 
[1019] FIGS. 3 A and 3B are diagrams that graphically illustrate the derivation of 
the weights used to invert the frequency response of each eigenmode of a MIMO 
channel; 

[1020] FIG. 4 is a flow diagram of a process for allocating the total available 
transmit power to the eigenmodes of the MIMO channel; 

[1021] FIGS. 5A and 5B are diagrams that graphically illustrate the allocation of the 
total transmit power to three eigenmodes in an example MIMO system; 
[1022] FIG. 6 is a flow diagram of an embodiment of the signal processing at the 
transmitter unit; 

[1023] FIG. 7 is a block diagram of a receiver unit within the receiver system; and 
[1024] FIG. 8 is a flow diagram of an embodiment of the signal processing at the 
receiver unit. 

DETAILED DESCRIPTION 
[1025] The techniques described herein for processing a data transmission at a 
transmitter and receiver may be used for various wireless communication systems. For 
clarity, various aspects and embodiments of the invention are described specifically for 
a multiple-input multiple-output (MIMO) communication system. 
[1026] A MIMO system employs multiple (N T ) transmit antennas and multiple (N R ) 
receive antennas for data transmission. A MIMO channel formed by the N T transmit 
and N R receive antennas may be decomposed into Ns independent channels, with 
N s < min { N T , N R } . Each of the N s independent channels is also referred to as a spatial 
subchannel of the MIMO channel. The number of spatial subchannels is determined by 
the number of eigenmodes for the MIMO channel, which in turn is dependent on a 
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channel response matrix that describes the response between the Nt transmit and N R 
receive antennas. 

[1027] FIG. 1 is a block diagram of an embodiment of a transmitter system 110 and 
a receiver system 150, which are capable of implementing various signal processing 
techniques described herein. 

[1028] At transmitter system 110, traffic data is provided from a data source 112 to 
a transmit (TX) data processor 114, which formats, codes, and interleaves the traffic 
data based on one or more coding schemes to provide coded data. The coded traffic 
data may then be multiplexed with pilot data using, for example, time division multiplex 
(TDM) or code division multiplex (CDM), in all or a subset of the data streams to be 
transmitted. The pilot data is typically a known data pattern processed in a known 
manner, if at all. The multiplexed pilot and coded traffic data is interleaved and then 
modulated (i.e., symbol mapped) based on one or more modulation schemes to provide 
modulation symbols. In an embodiment, TX data processor 114 provides one 
modulation symbol stream for each spatial subchannel used for data transmission. The 
data rate, coding, interleaving, and modulation for each modulation symbol stream may 
be determined by controls provided by a controller 130. 

[1029] The modulation symbols are then provided to a TX MIMO processor 120 
and further processed. In a specific embodiment, the processing by TX MIMO 
processor 120 includes (1) determining an estimated channel frequency response matrix 
for the MIMO channel, (2) decomposing this matrix to determine the eigenmodes of the 
MIMO channel and to derive a set of "steering" vectors for the transmitter, one vector 
for the modulation symbol stream to be transmitted on each spatial subchannel, (3) 
deriving a transmit spatio-temporal pulse-shaping matrix based on the steering vectors 
and a weighting matrix indicative of the transmit powers assigned to the frequency bins 
of the eigenmodes, and (4) preconditioning the modulation symbols with the pulse- 
shaping matrix to provide preconditioned modulation symbols. The processing by TX 
MIMO processor 120 is described in further detail below. Up to N T streams of 
preconditioned symbols are then provided to transmitters (TMTR) 122a through 122t. 
[1030] Each transmitter 122 converts a respective preconditioned symbol stream 
into one or more analog signals and further conditions (e.g., amplifies, filters, and 
frequency upconverts) the analog signals to generate a modulated signal suitable for 
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transmission over the MIMO channel. The modulated signal from each transmitter 122 
is then transmitted via a respective antenna 124 to the receiver system. 
[1031] At receiver system 150, the transmitted modulated signals are received by N R 
antennas 152a through 152r, and the received signal from each antenna 152 is provided 
to a respective receiver (RCVR) 154. Each receiver 154 conditions (e.g., filters, 
amplifies, and frequency downconverts) the received signal, digitizes the conditioned 
signal to provide a stream of samples, and further processes the sample stream to 
provide a stream of received symbols. An RX MEMO processor 160 then receives and 
processes the N R received symbol streams to provide Nt streams of recovered symbols, 
which are estimates of the modulation symbols transmitted from the transmitter system. 
In an embodiment, the processing by RX MIMO processor 160 may include (1) 
determining the estimated channel frequency response matrix for the MIMO channel, 
(2) decomposing this matrix to derive a set of steering vectors for the receiver, (3) 
deriving a receive spatio-temporal pulse-shaping matrix based on the steering vectors, 
and (4) conditioning the received symbols with the pulse-shaping matrix to provide the 
recovered symbols. The processing by RX MIMO processor 160 is described in further 
detail below. 

[1032] A receive (RX) data processor 162 then demodulates, deinterleaves, and 
decodes the recovered symbols to provide decoded data, which is an estimate of the 
transmitted traffic data. The processing by RX MIMO processor 160 and RX data 
processor 162 is complementary to that performed by TX MIMO processor 120 and TX 
data processor 1 14, respectively, at transmitter system 1 10. 

[1033] RX MIMO processor 160 may further derive channel impulse responses for 
the MIMO channel, received noise power and/or signal-to-noise-and-interference ratios 
(SNRs) for the spatial subchannels, and so on. RX MIMO processor 160 would then 
provide these quantities to a controller 170. RX data processor 162 may also provide 
the status of each received packet or frame, one or more other performance metrics 
indicative of the decoded results, and possibly other information. Controller 170 then 
derives channel state information (CSI), which may comprise all or some of the 
information received from RX MIMO processor 160 and RX data processor 162. The 
CSI is processed by a TX data processor 178, modulated by a modulator 180, 
conditioned by transmitters 154a through 154r, and sent back to transmitter system 1 10. 
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[1034] At transmitter system 110, the modulated signals from receiver system 150 
are received by antennas 124, conditioned by receivers 122, and demodulated by a 
demodulator 140 to recover the CSI transmitted by the receiver system. The CSI is then 
provided to controller 130 and used to generate various controls for TX data processor 
1 14 and TX MIMO processor 120. 

[1035] Controllers 130 and 170 direct the operation at the transmitter and receiver 
systems, respectively. Memories 132 and 172 provide storage for program codes and 
data used by controllers 130 and 170, respectively. 

[1036] Techniques are provided herein for achieving high performance (e.g., high 
overall system throughput) via a time-domain implementation that uses frequency- 
domain channel eigen-decomposition, channel inversion, and (optionally) water-pouring 
results to derive time-domain pulse-shaping and beam-steering solutions for the 
transmitter and receiver. 

[1037] Channel eigen-decomposition is performed at the transmitter to determine 
the eigenmodes of the MIMO channel and to derive a first set of steering vectors, which 
are used to precondition the modulation symbols. Channel eigen-decomposition is also 
performed at the receiver to derive a second set of steering vectors, which are used to 
condition the received symbols such that orthogonal symbol streams are recovered at 
the receiver. The preconditioning at the transmitter and the conditioning at the receiver 
orthogonalize the symbol streams transmitted over the MIMO channel. 
[1038] Channel inversion is performed at the transmitter to flatten the frequency 
response of each eigenmode (or spatial subchannel) used for data transmission. As 
noted above, frequency selective fading causes intersymbol interference (ISI), which 
can degrade performance by impacting the ability to correctly detect the received 
symbols at the receiver. Conventionally, the frequency selective fading may be 
compensated for at the receiver by performing equalization on the received symbol 
streams. However, equalization increases the complexity of the receiver processing. 
With the inventive techniques, the channel inversion is performed at the transmitter to 
account for the frequency selective fading and to mitigate the need for equalization at 
the receiver. 

[1039] Water-pouring (or water-filling) analysis is used to more optimally allocate 
the total available transmit power in the MTMO system to the eigenmodes such that high 
performance is achieved. The transmit power allocated to each eigenmode may then 
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determine the data rate and the coding and modulation scheme to be used for the 
eigenmode. 

[1040] These various processing techniques are described in further detail below. 
[1041] The techniques described herein provide several potential advantages. First, 
with time-domain eigenmode decomposition, the maximum number of eigenmodes with 
different SNRs is given by min (N T ,N R ) . If one independent data stream is transmitted 
on each eigenmode and each data stream is independently processed, then the maximum 
number of different coding/modulation schemes is also given by rmn[N T ,N R ) . It is 
also possible to make the received SNRs for the data streams essentially the same, 
thereby further simplifying the coding/modulation. The techniques described herein can 
thus greatly simplify the coding/modulation for a data transmission by avoiding the per- 
bin bit allocation required to approach channel capacity in MIMO-OFDM systems that 
utilize frequency-domain water-pouring. 

[1042] Second, the channel inversion at the transmitter results in recovered symbol 
streams at the receiver that do not require equalization. This then reduces the 
complexity of the receiver processing. In contrast, other wide-band time-domain 
techniques typically require complicated space-time equalization to recover the symbol 
streams. 

[1043] Third, the time-domain signaling techniques described herein can more 
easily integrate the channel/pilot structures of various CDMA standards, which are also 
based on time-domain signaling. Implementation of the channel/pilot structures may be 
more complicated in OFDM-based systems that perform frequency-domain signaling. 
[1044] FIG. 2 is a block diagram of an embodiment of a transmitter unit 200, which 
is capable of implementing various processing techniques described herein. Transmitter 
unit 200 is an embodiment of the transmitter portion of transmitter system 110 in FIG. 
1. Transmitter unit 200 includes (1) a TX data processor 114a that receives and 
processes traffic and pilot data to provide N T modulation symbol streams and (2) a TX 
MTMO processor 120a that preconditions the modulation symbol streams to provide N T 
preconditioned symbol streams. TX data processor 1 14a and TX MTMO processor 120a 
are one embodiment of TX data processor 114 and TX MIMO processor 120, 
respectively, in FIG. 1. 
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[1045] In the specific embodiment shown in FIG. 2, TX data processor 114a 
includes an encoder 212, a channel interleaver 214, and a symbol mapping element 216. 
Encoder 212 receives and codes the traffic data (i.e., the information bits, d.) in 
accordance with one or more coding schemes to provide coded bits. The coding 
increases the reliability of the data transmission. In an embodiment, a separate coding 
scheme may be used for the information bits for each eigenmode (or spatial subchannel) 
selected for use for data transmission. In alternative embodiments, a separate coding 
scheme may be used for each subset of spatial subchannels, or a common coding 
scheme may be used for all spatial subchannels. The coding scheme(s) to be used are 
determined by controls from controller 130 and may be selected based on the CSI 
received from the receiver system. Each selected coding scheme may include any 
combination of cyclic redundancy check (CRC), convolutional coding, Turbo coding, 
block coding, and other coding, or no coding at all. 

[1046] Channel interleaver 214 interleaves the coded bits based on one or more 
interleaving schemes. Typically, each selected coding scheme is associated with a 
corresponding interleaving scheme. The interleaving provides time diversity for the 
coded bits, permits the data to be transmitted based on an average SNR of each spatial 
subchannel used for the data transmission, combats fading, and further removes 
correlation between coded bits used to form each modulation symbol. 
[1047] Symbol mapping element 216 then receives and multiplexes pilot data with 
the interleaved data and further maps the multiplexed data in accordance with one or 
more modulation schemes to provide modulation symbols. A separate modulation 
scheme may be used for each spatial subchannel selected for use, or for each subset of 
spatial subchannels. Alternatively, a common modulation scheme may be used for all 
selected spatial subchannels. 

[1048] The symbol mapping for each spatial subchannel may be achieved by 
grouping sets of bits to form data symbols (each of which may be a non-binary value) 
and mapping each data symbol to a point in a signal constellation corresponding to the 
modulation scheme selected for use for that spatial subchannel. The selected 
modulation scheme may be QPSK, M-PSK, M-QAM, or some other scheme. Each 
mapped signal point is a complex value and corresponds to a modulation symbol. 
Symbol mapping element 216 provides a vector of modulation symbols for each symbol 
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period, with the number of modulation symbols in each vector corresponding to the 
number of spatial subchannels selected for use for that symbol period. Symbol mapping 
element 216 thus provides up to Nt modulation symbol streams. These streams 
collectively form a sequence of vectors, with are also referred to as the modulation 
symbol vectors, s(n) , with each such vector including up to Ns modulation symbols to 
be transmitted on up to Ns spatial subchannels for the n-th symbol period. 
[1049] Within TX MDVIO processor 120a, the response of the MBVIO channel is 
estimated and used to precondition the modulation symbols prior to transmission to the 
receiver system. In a frequency division duplexed (FDD) system, the downlink and 
uplink are allocated different frequency bands, and the channel responses for the 
downlink and uplink may not be correlated to a sufficient degree. For the FDD system, 
the channel response may be estimated at the receiver and sent back to the transmitter. 
In a time division duplexed (TDD) system, the downlink and uplink share the same 
frequency band in a time division multiplexed manner, and a high degree of correlation 
may exist between the downlink and uplink channel responses. For the TDD system, 
the transmitter system may estimate the uplink channel response (e.g., based on the pilot 
transmitted by the receiver system on the uplink) and may then derive the downlink 
channel response by accounting for any differences such as those between the transmit 
and receive antenna array manifolds. 

[1050] In an embodiment, the channel response estimates are provided to TX 
MIMO processor 120a as a sequence of N R xN T matrices, 2L{n) , of time-domain 
samples. This sequence of matrices is collectively referred to as a channel impulse 
response matrix, $L ■ The ('> ~ tn element, h t j , of the estimated channel impulse 
response matrix, fi, for i' = (l, 2, ... ,N R ) and j = (l, 2, ... ,N T ), is a sequence of 
samples that represents the sampled impulse response of the propagation path from the 
j-th transmit antenna to the i-th receive antenna. 

[1051] Within TX MMO processor 120a, a fast Fourier transformer 222 receives 
the estimated channel impulse response matrix, A (e.g., from the receiver system) and 
derives the corresponding estimated channel frequency response matrix, H, by 
performing a fast Fourier transform (FFT) on the matrix (i.e., H = FFT [#] ). This 
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may be achieved by performing an iV>- point FFT on a sequence of N F samples for each 
element of A to derive a set of N F coefficients for the corresponding element of H , 
where iV> corresponds to the number of frequency bins for the FFT (i.e., the length of 
the FFT). The N R ■ N T elements of H are thus N R • N T sets of coefficients representing 
the frequency responses of the propagation paths between the Nt transmit antennas and 
Nr receive antennas. Each element of H is the FFT of the corresponding element of 
A. The estimated channel frequency response matrix, H, may also be viewed as 
comprising a set of N F matrices, H(fc) for k = (0, 1, ... , N F -1) . 

Channel Eigen-Decomposition 
[1052] A unit 224 then performs eigen-decomposition of the MIMO channel used 
for data transmission. In one embodiment for performing channel eigen-decomposition, 
unit 224 computes the singular value decomposition (SVD) of the estimated channel 
frequency response matrix, H . In an embodiment, the singular value decomposition is 
performed for each matrix H(fc), for k = (0, 1, ... ,N F -1). The singular value 
decomposition of matrix ¥L(k) for frequency bin k (or frequency f k ) may be expressed 
as: 

E(k) = U(*)A(*)Y" (*) , Eq(l) 

where U(fc) is an N R xN R unitary matrix (i.e., U H U = I, where I is the identity 
matrix with ones along the diagonal and zeros everywhere else); 
A(k) is an N R xN T diagonal matrix of singular values of H(fc) ; and 
V(fc) is an N T xN T unitary matrix. 

The diagonal matrix A(k) contains non-negative real values along the diagonal (i.e., 
A(Jfc) = diag(A,(Jfc), Aj(Jfc), ... ,A Nf (k))) and zeros elsewhere. The A^k), for 
/ = (1, 2, ... ,N T ), are referred to as the singular values of the matrix H(k). The 
singular value decomposition is a matrix operation known in the art and described in 
various references. One such reference is a book by Gilbert Strang entitled "Linear 
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Algebra and Its Applications," Second Edition, Academic Press, 1980, which is 
incorporated herein by reference. 

[1053] The result of the singular value decomposition is three sets of Nf matrices, 
U, A, and \" , where U = [U(0) ... V(k) ... V(N F -1)], and so on. For each value of 
k, V(k) is the N R x N R unitary matrix of left eigen-vectors of H(fc) , V(fc) is the 
N T xN T unitary matrix of right eigen-vectors of Il(k), and A(k) is the N R xN T 
diagonal matrix of singular values of H(fc) . 

[1054] In another embodiment for performing channel eigen-decomposition, unit 
224 first obtains a square matrix R(k) as R(k) = jl" (k)H(k) . The eigenvalues of the 
square matrix R(fc) would then be the squares of the singular values of the matrix 
H(fc), and the eigen-vectors of R(k) would be the right eigen-vectors of H(fc), or 
V(fc). The decomposition of R(k) to obtain the eigenvalues and eigen-vectors is 

known in the art and not described herein. Similarly, another square matrix R (k) may 
be obtained as R (k) = H(^)h" (k) . The eigenvalues of this square matrix R (k) 
would also be the squares of the singular values of H(fc), and the eigen-vectors of 
R (k) would be the left eigen-vectors of H(fc) , or U(fc) . 

[1055] The channel eigen-decomposition is used to decompose the MIMO channel 
into its eigenmodes, at frequency f k , for each value of k where k = (0, 1, ... ,N F -1) . 
The rank r(k) of H(£) corresponds to the number of eigenmodes for the MIMO 
channel at frequency f k , which corresponds to the number of independent channels 
(i.e., the number of spatial subchannels) available in frequency bin k. 
[1056] As described in further detail below, the columns of V(fc) are the steering 
vectors associated with frequency f k to be used at the transmitter for the elements of 
the modulation symbol vectors, s(n) . Correspondingly, the columns of \J(k) are the 
steering vectors associated with frequency f k to be used at the receiver for the elements 
of the received symbol vectors, r(n) . The matrices U(fc) and V(fc) , for 
k = (0, 1, ... , N F -1) , are used to orthogonalize the symbol streams transmitted on the 
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eigenmodes at each frequency f k . When these matrices are used to precondition the 
modulation symbol streams at the transmitter and to condition the received symbol 
streams at the receiver, either in the frequency domain or the time domain, the result is 
the overall orthogonalization of the symbol streams. This then allows for separate 
coding/modulation per eigenmode (as opposed to per bin), which can greatly simplify 
the processing at the transmitter and receiver. 

[1057] The elements along the diagonal of A(k) are A u (k), for 
i={1, 2, r(k)}, where r(k) is the rank of H(£) . The columns of V(k) and \(k), 
Uj(k) and v ( .(it), respectively, are solutions to the eigen equation, which may be 
expressed as: 

n(k)\ i (k) = A ii u i (k) . Eq(2) 

[1058] The three sets of matrices, V(k), A(k), and \(k) , for 
k = (0, 1, ... ,N F —l), may be provided in two forms - a "sorted" form and a "random- 
ordered" form. In the sorted form, the diagonal elements of each matrix A(k) are 
sorted in decreasing order so that ^(k) > A 22 (k) > ... > A rr (k) , and their eigen-vectors 
are arranged in corresponding order in V(k) and \(k) . The sorted form is indicated 
by the subscript s, i.e., V s (k) , A s (k) , and \,(k), for k = (0, 1, ... , N F - 1) . 
[1059] In the random-ordered form, the ordering of the singular values and eigen- 
vectors may be random and further independent of frequency. The random form is 
indicated by the subscript r. The particular form selected for use, sorted or random- 
ordered, influences the selection of the eigenmodes for use for data transmission and the 
coding and modulation scheme to be used for each selected eigenmode. 
[1060] A weight computation unit 230 receives the set of diagonal matrices, A, 
which contains a set of singular values (i.e., ^(k), A 22 (k), ...,A rr (k)) for each 
frequency bin. Weight computation unit 230 then derives a set of weighting matrices, 
W, where W = [ W(0) ... W(fc) ... \V(N F -1)]. The weighting matrices are used to 
scale the modulation symbol vectors, s(n) , in either the time or frequency domain, as 
described below. 
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[1061] Weight computation unit 230 includes a channel inversion unit 232 and 
(optionally) a water-pouring analysis unit 234. Channel inversion unit 232 derives a set 
of weights, w . , for each eigenmode, which is used to combat the frequency selective 
fading on the eigenmode. Water-pouring analysis unit 234 derives a set of scaling 
values, b, for the eigenmodes of the MIMO channel. These scaling values are 
indicative of the transmit powers allocated to the eigenmodes. Channel inversion and 
water-pouring are described in further detail below. 

Channel Inversion 

[1062] FIG. 3A is a diagram that graphically illustrates the derivation of the set of 
weights, w l7 , used to invert the frequency response of each eigenmode. The set of 
diagonal matrices, A(k) for k = (0, 1, ... , N F — 1) , is shown arranged in order along an 
axis 310 that represents the frequency dimension. The singular values, A u (k) for 
i = (l, 2, ... ,N S ), of each matrix A(k) are located along the diagonal of the matrix. 
Axis 312 may thus be viewed as representing the spatial dimension. Each eigenmode of 
the MIMO channel is associated with a set of elements, {A. u (k)} for 
k = (0, 1, ... , N F -1) , that is indicative of the frequency response of that eigenmode. 
The set of elements {A it (k)} for each eigenmode is shown by the shaded boxes along a 
dashed line 314. For each eigenmode that experiences frequency selective fading, the 
elements {A it (k)} for the eigenmode may be different for different values of k. 
[1063] Since frequency selective fading causes LSI, the deleterious effects of ISI 
may be mitigated by "inverting" each eigenmode such that it appears flat in frequency at 
the receiver. The channel inversion may be achieved by deriving a set of weights, 
{Wji(k)} for k = (0, 1, ... ,N F -1), for each eigenmode such that the product of the 
weights and the corresponding eigenvalues (i.e., the squares of the diagonal elements) 
are approximately constant for all values of k, which may be expressed as 
w„ (k) • A\ {k) = a, , for k = (0, 1, ... , N F — 1) . 

[1064] For eigenmode i, the set of weights for the N F frequency bins, 
w„. = [w,.,.(0) ... vv ( .,.(&) ... w u (N F -1)] T , used to invert the channel may be derived as: 
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w„. (k) = , for k = (0, 1, ... ,N F -l), 

Al(k) 



Eq(3) 



where a { is a normalization factor that may be expressed as: 




Eq(4) 



As shown in equation (4), a normalization factor a i is determined for each eigenmode 
based on the set of eigenvalues (i.e., the squared singular values), {A 2 u (k)} for 
k = (0, 1, ... , N F -1) , associated with that eigenmode. The normalization factor a,, is 



[1065] FIG. 3B is a diagram that graphically illustrates the relationship between the 
set of weights for a given eigenmode and the set of eigenvalues for that eigenmode. For 
eigenmode i, the weight w u (k) for each frequency bin is inversely related to the 
eigenvalue ^(k) for that bin, as shown in equation (3). To flatten the spatial 
subchannel and minimize or reduce ISI, it is undesirable to selectively eliminate 
transmit power on any frequency bin. The set of N F weights for each eigenmode is used 
to scale the modulation symbols, s(n), in the frequency or time domain, prior to 
transmission on the eigenmode. 

[1066] For the sorted order form, the singular values A u (k) , for i = (1, 2, ... ,N S ), 
for each matrix A(k) are sorted such that the diagonal elements of A(k) with smaller 
indices are generally larger. Eigenmode 0 (which is often referred to as the principle 
eigenmode) would then be associated with the largest singular value in each of the Nf 
diagonal matrices, A(k) , eigenmode 1 would then be associated with the second largest 
singular value in each of the Nf diagonal matrices, and so on. Thus, even though the 
channel inversion is performed over all N F frequency bins for each eigenmode, the 
eigenmodes with lower indices are not likely to have too many bad bins (if any). Thus, 
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at least for eigenmodes with lower indices, excessive transmit power is not used for bad 
bins. 

[1067] The channel inversion may be performed in various manners to invert the 
MIMO channel, and this is within the scope of the invention. In one embodiment, the 
channel inversion is performed for each eigenmode selected for use. In another 
embodiment, the channel inversion may be performed for some eigenmodes but not 
others. For example, the channel inversion may be performed for each eigenmode 
determined to induce excessive ISI. The channel inversion may also be dynamically 
performed for some or all eigenmodes selected for use, for example, when the MIMO 
channel is determined to be frequency selective (e.g., based on some defined criteria). 
[1068] Channel inversion is described in further detail in U.S. Patent Application 
Serial No. 09/860,274, filed May 17, 2001, U.S. Patent Application Serial No. 
09/881,610, filed June 14, 2001, and U.S. Patent Application Serial No. 09/892,379, 
filed June 26, 2001, all three entitled "Method and Apparatus for Processing Data for 
Transmission in a Multi-Channel Communication System Using Selective Channel 
Inversion," assigned to the assignee of the present application and incorporated herein 
by reference. 

Water-Pouring 

[1069] In an embodiment, water-pouring analysis is performed (if at all) across the 
spatial dimension such that more transmit power is allocated to eigenmodes with better 
transmission capabilities. The water-pouring power allocation is analogous to pouring a 
fixed amount of water into a vessel with an irregular bottom, where each eigenmode 
corresponds to a point on the bottom of the vessel, and the elevation of the bottom at 
any given point corresponds to the inverse of the SNR associated with that eigenmode. 
A low elevation thus corresponds to a high SNR and, conversely, a high elevation 
corresponds to a low SNR. The total available transmit power, P W tah is then "poured" 
into the vessel such that the lower points in the vessel (i.e., those with higher SNRs) are 
filled first, and the higher points (i.e., those with lower SNRs) are filled later. A 
constant P se t is indicative of the water surface level for the vessel after all of the total 
available transmit power has been poured. This constant may be estimated initially 
based on various system parameters. The power allocation is dependent on the total 
available transmit power and the depth of the vessel over the bottom surface. The 
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points with elevations above the water surface level are not filled (i.e., eigenmodes with 
SNRs below a particular value are not used for data transmission). 
[1070] In an embodiment, the water-pouring is not performed across the frequency 
dimension because this tends to exaggerate the frequency selectivity of the eigenmodes 
created by the channel eigenmode decomposition described above. The water-pouring 
may be performed such that all eigenmodes are used for data transmission, or only a 
subset of the eigenmodes is used (with bad eigenmodes being discarded). It can be 
shown that water-pouring across the eigenmodes, when used in conjunction with the 
channel inversion with the singular values sorted in descending order, can provide near- 
optimum performance while mitigating the need for equalization at the receiver. 
[1071] The water-pouring may be performed by water-pouring analysis unit 234 as 
follows. Initially, the total power in each eigenmode is determined as: 



where a 1 is the received noise variance, which may also be denoted as the received 
noise power N 0 . The received noise power corresponds to the noise power on the 
recovered symbols at the receiver, and is a parameter that may be provided by the 
receiver to the transmitter as part of the reported CSI. 

[1073] The transmit power, P n to be allocated to each eigenmode may then be 
determined as: 




Eq(5) 



[1072] The SNR for each eigenmode may then be determined as: 



PiX 

SNR,. =-!f , 



Eq (6) 




Eq(7a) 



Eq(7b) 
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where P sel is a constant that may be derived from various system parameters, and P wtal 

is the total transmit power available for allocation to the eigenmodes. 

[1074] As shown in equation (7a), each eigenmode of sufficient quality is allocated 

transmit power of Thus, eigenmodes that achieve better SNRs are 



allocated more transmit powers. The constant P sel determines the amounts of transmit 
power to allocate to the better eigenmodes. This then indirectly determines which 
eigenmodes get selected for use since the total available transmit power is limited and 
the power allocation is constrained by equation (7b). 

[1075] Water-pouring analysis unit 234 thus receives the set of diagonal matrices, 
A, and the received noise power, a 2 . The matrices A are then used in conjunction 
with the received noise power to derive a vector of scaling values, 
b = [b 0 ... b t ... b Ns f , where b, = P t for i = (1, 2, ... ,N S ). The P, are the solutions to 
the water-pouring equations (7a) and (7b). The scaling values in b are indicative of the 
transmit powers allocated to the Ns eigenmodes, where zero or more eigenmodes may 
be allocated no transmit power. 

[1076] FIG. 4 is a flow diagram of an embodiment of a process 400 for allocating 
the total available transmit power to a set of eigenmodes. Process 400, which is one 
specific water-pouring implementation, determines the transmit powers, P t , for / e / , to 
be allocated to the eigenmodes in set /, given the total transmit power, P, 0 , a i, available at 
the transmitter, the set of eigenmode total powers, P i A , and the received noise power, 



[1077] Initially, the variable n used to denote the iteration number is set to one (i.e., 
n = l) (step 412). For the first iteration, set I(n) is defined to include all of the 
eigenmodes for the MIMO channel, or /(n) = {1, 2, ... , N s } (step 414). The 
cardinality (or length) of set I(n) for the current iteration n is then determined as 
L, (n) = \l(n)\ , which is L, (n) = N s for the first iteration (step 416). 
[1078] The total effective power, P eff (n) , to be distributed across the eigenmodes in 
set I(n) is next determined (step 418). The total effective power is defined to be equal 
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to the total available transmit power, P wtal , plus the sum of the inverse SNRs for the 
eigenmodes in set I(n) . This may be expressed as: 

P<r(») = P*«+I l T- ■ Eq(8) 

[1079] The total available transmit power is then allocated to the eigenmodes in set 
I(n). The index i used to iterate through the eigenmodes in set I(n) is initialized to 
one (i.e., i = 1) (step 420). The amount of transmit power to allocate to eigenmode i is 
then determined (step 422) based on the following: 

Each eigenmode in set I(n) is allocated transmit power, /> , in step 422. Steps 424 and 
426 are part of a loop to allocate transmit power to each of the eigenmodes in set /(«) . 
[1080] FIG. 5A graphically illustrates the total effective power, P eg , for an 
example MIMO system with three eigenmodes. Each eigenmode has an inverse SNR 
equal to a 1 /A 2 , for i = {1, 2, 3} , which assumes a normalized transmit power of 1.0. 
The total transmit power available at the transmitter is P, 01at =P l +P 2 +P 3 , and is 
represented by the shaded area in FIG. 5A. The total effective power is represented by 
the area in the shaded and unshaded regions in FIG. 5A. 

[1081] For water-pouring, although the bottom of the vessel has an irregular 
surface, the water level at the top remains constant across the vessel. Likewise and as 
shown in FIG. 5A, after the total available transmit power, P total, has been distributed to 
the eigenmodes, the final power level is constant across all eigenmodes. This final 
power level is determined by dividing P eff (n) by the number of eigenmodes in set I(n) , 
L, (n) . The amount of power allocated to eigenmode i is then determined by 
subtracting the inverse SNR of that eigenmode, a 2 1 A 2 , from the final power level, 
P eff {n)l L, (n) , as given by equation (9) and shown in FIG. 5A. 

[1082] FIG. 5B shows a situation whereby the water-pouring power allocation 
results in an eigenmode receiving negative power. This occurs when the inverse SNR 
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of the eigenmode is above the final power level, which is expressed by the condition 

(P tf (B)/L,(«))<(<T 2 /^.). 

[1083] Referring back to FIG. 4, at the end of the power allocation, a determination 
is made whether or not any eigenmode has been allocated negative power (i.e., P t ; < 0) 
(step 428). If the answer is yes, then the process continues by removing from set I(n) 
all eigenmodes that have been allocated negative powers (step 430). The index n is 
incremented by one (i.e., n = n + 1 ) (step 432). The process then returns to step 416 to 
allocate the total available transmit power among the remaining eigenmodes in set I(n) . 
The process continues until all eigenmodes in set I(n) have been allocated positive 
transmit powers, as determined in step 428. The eigenmodes not in set I(n) are 
allocated zero power. 

[1084] Water-pouring is also described by Robert G. Gallager, in "Information 
Theory and Reliable Communication," John Wiley and Sons, 1968, which is 
incorporated herein by reference. A specific algorithm for performing the basic water- 
pouring process for a MIMO-OFDM system is described in U.S. Patent Application 
Serial No. 09/978,337, entitled "Method and Apparatus for Determining Power 
Allocation in a MIMO Communication System," filed October 15, 2001. Water- 
pouring is also described in further detail in U.S. Patent Application Serial No. 
10/056,275, entitled "Reallocation of Excess Power for Full Channel-State Information 
(CSI) Multiple-Input, Multiple-Output (MIMO) Systems," filed January 23, 2002. 
These applications are assigned to the assignee of the present application and 
incorporated herein by reference. 

[1085] If water-pouring is performed to allocate the total available transmit power 
to the eigenmodes, then water-pouring analysis unit 234 provides a set of Ns scaling 
values, b = {b 0 ... b t ... b Ns ) , for the Ns eigenmodes. Each scaling value is for a 
respective eigenmode and is used to scale the set of weights determined for that 
eigenmode. 

[1086] For eigenmode i, a set of weights, w (7 =[w..(0) ... w u (k) ... w u (N F -l)] r , 
used to invert the channel and scale the transmit power of the eigenmode may be 
derived as: 
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for * = (0, 1, - ,N F -1), 



Eq(10) 



where the normalization factor, a i , and the scaling value, b t , are derived as described 
above. 

[1087] Weight computation unit 230 provides the set of weighting matrices, W, 
which may be obtained using the weights w u (k) or w„.(fc). Each weighting matrix, 
W()t), is a diagonal matrix whose diagonal elements are composed of the weights 
derived above. In particular, if only channel inversion is performed, then each 
weighting matrix, W(fc) , for k = (0, 1, ... , N F — 1) , is defined as: 



where w u (k) is derived as shown in equation (3). And if both channel inversion and 
water-pouring are performed, then each weighting matrix, W(fc), for 
k = (0, 1, ... , N F — 1) , is defined as: 



where w l7 (fc) is derived as shown in equation (10). 

[1088] Referring back to FIG. 2, a scaler/IFFT 236 receives (1) the set of unitary 
matrices, V , which are the matrices of right eigen-vectors of H , and (2) the set of 
weighting matrices, W, for all N F frequency bins. Scaler/IFFT 236 then derives a 
spatio-temporal pulse-shaping matrix, P tx (n) , for the transmitter based on the received 
matrices. Initially, the square root of each weighting matrix, W(fc), is computed to 
obtain a corresponding matrix, ^]W(k) , whose elements are the square roots of the 
elements of W(fc). The elements of the weighting matrices, W(fc) for 
k = (0, 1, ... , N F -1) , are related to the power of the eigenmodes. The square root then 
transforms the power to the equivalent signal scaling. For each frequency bin k, the 
product of the square-root weighting matrix, ^Wik) , and the corresponding unitary 



W(*) = diag(w n (*), w 22 (k), ... ,w NsNs (k)) , 



Eq(lla) 



W(*) = diag(w n (*), w 22 (k), ... ,w NsNs (k)) , 



Eq(llb) 
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matrix, V(fc) , is then computed to provide a product matrix, V(fc)-y/W(fc) . The set of 
product matrices, \(k)^fwjk) for k = (0, 1, ... ,N F -l), which is also denoted as 
V^W , defines the optimal or near-optimal spatio-spectral shaping to be applied to the 
modulation symbol vectors, s(n) . 

[1089] An inverse FFT of V^W is then computed to derive the spatio-temporal 
pulse-shaping matrix, P„ (n) , for the transmitter, which may be expressed as: 

P w (n) = IFFT[V A /W] . Eq(12) 

The pulse-shaping matrix, V lx (n) , is an N T xN T matrix. Each element of J*_ lx (n) is a 
set of Nf time-domain values, which is obtained by the inverse FFT of a set of values 
for the corresponding element of the product matrices, V^/w . Each column of P tt (n) 
is a steering vector for a corresponding element of s(n) . 

[1090] A convolver 240 receives and preconditions the modulation symbol vectors, 
s(n) , with the pulse-shaping matrix, P tx (n) , to provide the transmitted symbol vectors, 
x(n) . In the time domain, the preconditioning is a convolution operation, and the 
convolution of s(n) with P te (n) may be expressed as: 

x(n) = £P B (*)s(n-*) • Eq(13) 

The matrix convolution shown in equation (13) may be performed as follows. To 
derive the i-th element of the vector x(n) for time n, x, (n) , the inner product of the i-th 
row of the matrix P w (^) with the vector s(n-£) is formed for a number of delay 
indices (e.g., 0 < I < (N F -1)), and the results are accumulated to derive the element 
x, (n). The preconditioned symbol streams transmitted on each transmit antenna (i.e., 
each element of x(n) or x, (n)) is thus formed as a weighted combination of the Nr 
modulation symbol streams, with the weighting determined by the appropriate column 
of the matrix P tt (n) . The process is repeated such that each element of x(n) is 
obtained from a respective column of the matrix P w (n) and the vector s(n) . 
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[1091] Each element of x(n) corresponds to a sequence of preconditioned symbols 
to be transmitted over a respective transmit antenna. The N T preconditioned symbol 
sequences collectively form a sequence of vectors, which are also referred to as the 
transmitted symbol vectors, x(n), with each such vector including up to NT- 
preconditioned symbols to be transmitted from up to Nj transmit antennas for the n-th 
symbol period. The N T preconditioned symbol sequences are provided to transmitters 
122a through 122t and processed to derive Nj modulated signals, which are then 
transmitted from antennas 124a through 124t, respectively. 

[1092] The embodiment shown in FIG. 2 performs time-domain beam-steering of 
the modulation symbol vectors, s(n) . The beam-steering may also be performed in the 
frequency domain. This can be done using techniques, such as the overlap-add method, 
which are well-known in the digital signal processing field, for implementing finite- 
duration impulse response (FIR) filters in the frequency domain. In this case, the 
sequences that make up the elements of the matrix P tt (n) for n = (0, 1, ... ,N F -l) 
are each padded with N Q -N F zeros, resulting in a matrix of zero-padded sequences, 
q tt (n), for n = (0, 1, ... ,N Q -1). An N Q -point fast Fourier transform (FFT) is then 
computed for each zero-padded sequence in the matrix q tt ("), resulting in a matrix 
QJk) for * = (0, 1, ... ,N 0 -Y). 

[1093] Also, the sequences of modulation symbols that make up the elements of 
s(n) are each broken up into subsequences of length N ss = N Q - N F + 1 . Each 
subsequence is then padded with N F — 1 zeros to provide a corresponding vector of 
length N 0 . The sequences of s(n) are thus processed to provide sequences of vectors 
of length N 0 , s ( (n) , where the subscript I is the index for the vectors that correspond 
to the zero-padded subsequences. An N 0 -point fast Fourier transform is then computed 
for each of the zero-padded subsequences, resulting in a sequence of frequency-domain 
vectors, S e (k) , for different values of i . Each vector S e (k) , for a given £ , includes a 
set of frequency-domain vectors of length N 0 (i.e., for k = (0, 1, ... ,N 0 -1)). The 
matrix Q tx (k) is then multiplied with the vector S e (k) , for each value of i , where the 
pre-multiplication is performed for each value of k, i.e., for k = (0, 1, ... ,N 0 -l). 
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The inverse FFTs are then computed for the matrix-vector product Q tx (k)S e (k) to 
provide a set of time-domain subsequences of length N 0 . The resulting subsequences 
are then reassembled, according to the overlap-add method, or similar means, as is well- 
known in the art, to form the desired output sequences. 

[1094] FIG. 6 is a flow diagram of an embodiment of a process 600 that may be 
performed at the transmitter unit to implement the various transmit processing 
techniques described herein. Initially, data to be transmitted (i.e., the information bits) 
is processed in accordance with a particular processing scheme to provide a number of 
streams of modulation symbols (step 612). As noted above, the processing scheme may 
include one or more coding schemes and one or more modulation schemes (e.g., a 
separate coding and modulation scheme for each modulation symbol stream). 
[1095] An estimated channel response matrix for the MTMO channel is then 
obtained (step 614). This matrix may be the estimated channel impulse response 
matrix, A, or the estimated channel frequency response matrix, H, which may be 
provided to the transmitter from the receiver. The estimated channel response matrix is 
then decomposed (e.g., using channel eigen-decomposition) to obtain a set of matrices 
of right eigen-vectors, V , and a set of matrices of singular values, A (step 616). 
[1096] A number of sets of weights, w l7 , are then derived based on the matrices of 
singular values (step 618). One set of weight may be derived for each eigenmode used 
for data transmission. These weights are used to reduce or minimize intersymbol 
interference at the receiver by inverting the frequency response of each eigenmode 
selected for use. 

[1097] A set of scaling values, b, may also be derived based on the matrices of 
singular values (step 620). Step 620 is optional, as indicated by the dashed box for step 
620 in FIG. 6. The scaling values may be derived using water-pouring analysis and are 
used to adjust the transmit powers of the selected eigenmodes. 

[1098] A pulse-shaping matrix, P„(n), is then derived based on the matrices of 
right eigen-vectors, V, the sets of weights, w.., and (if available) the set of scaling 
values, b (step 622). The streams of modulation symbols are then preconditioned (in 
either the time domain or frequency domain) based on the pulse-shaping matrix to 
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provide a number of streams of preconditioned symbols, x(n) , to be transmitted over 
the MIMO channel (step 624). 

[1099] Time-domain transmit processing with channel eigenmode decomposition 
and water-pouring is described in further detail in U.S. Patent Application Serial No. 
10/017,038, entitled 'Time-Domain Transmit and Receive Processing with Channel 
Eigen-mode Decomposition for MMO Systems," filed December 7, 2001, which is 
assigned to the assignee of the present application and incorporated herein by reference. 
[1100] FIG. 7 is a block diagram of an embodiment of a receiver unit 700 capable 
of implementing various processing techniques described herein. Receiver unit 700 is 
an embodiment of the receiver portion of receiver system 150 in FIG. 1. Receiver unit 
700 includes (1) a RX MIMO processor 160a that processes N R received symbol 
streams to provide Nt recovered symbol streams and (2) a RX data processor 162a that 
demodulates, deinterleaves, and decodes the recovered symbols to provide decoded bits. 
RX MIMO processor 160a and RX data processor 162a are one embodiment of RX 
MIMO processor 160 and RX data processor 162, respectively, in FIG. 1. 
[1101] Referring back to FIG. 1, the transmitted signals from N T transmit antennas 
are received by each of N R antennas 152a through 152r. The received signal from each 
antenna is routed to a respective receiver 154, which is also referred to as a front-end 
processor. Each receiver 154 conditions (e.g., filters, amplifies, and frequency 
downconverts) a respective received signal, and further digitizes the conditioned signal 
to provide ADC samples. Each receiver 154 may further data demodulate the ADC 
samples with a recovered pilot to provide a respective stream of received symbols. 
Receivers 154a through 154r thus provide N R received symbol streams. These streams 
collectively form a sequence of vectors, which are also referred to as the received 
symbol vectors, r(n) , with each such vector including N R received symbols from the N R 
receivers 154 for the n-th symbol period. The received symbol vectors, r(n) , are then 
provided to RX MIMO processor 160a. 

[1102] Within RX MIMO processor 160a, a channel estimator 712 receives the 
vectors r(n) and derives an estimated channel impulse response matrix, A , which may 
be sent back to the transmitter system and used in the transmit processing. An FFT 714 
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then performs an FFT on the estimated channel impulse response matrix, # , to obtain 
the estimated channel frequency response matrix, H (i.e., H = FFT [fi] ). 
[1103] A unit 716 then performs the channel eigen-decomposition of H(£), for 
each frequency bin k, to obtain the corresponding matrix of left ei gen -vectors, U(£) . 
Each column of U , where U = [U(0) ... V(k) ... ]J(N F -1)] , is a steering vector for a 
corresponding element of r(/z), and is used to orthogonalize the received symbol 
streams. An IFFT 718 then performs the inverse FFT of U to obtain a spatio-temporal 
pulse-shaping matrix, W(/z) , for the receiver system. 

[1104] A convolver 720 then conditions the received symbol vectors, r(n) , with the 
conjugate transpose of the spatio-temporal pulse-shaping matrix, u" (n), to obtain the 
recovered symbol vectors, s(n) , which are estimates of the modulation symbol vectors, 
s(n) . In the time domain, the conditioning is a convolution operation, which may be 
expressed as: 

s(") = 5> W Wr(/z-£) . Eq(14) 

[1105] The pulse-shaping at the receiver may also be performed in the frequency 
domain, similar to that described above for the transmitter. In this case, the Nr 
sequences of received symbols for the N R receive antennas, which make up the sequence 
of received symbol vectors, r(n) , are each broken up into subsequences of N S s received 
symbols, and each subsequence is zero-padded to provide a corresponding vector of 
length N 0 . The N R sequences of r(n) are thus processed to provide N R sequences of 
vectors of length N 0 , where the subscript i is the index for the vectors that 

correspond to the zero-padded subsequences. Each zero-padded subsequence is then 
transformed via an FFT, resulting in a sequence of frequency-domain vectors, R^(£), 
for different values of I. Each vector R^(£), for a given i, includes a set of 
frequency-domain vectors of length N 0 (i.e., for k = (0, 1, ... ,N 0 -1)). 
[1106] The conjugate transpose of the spatio-temporal pulse-shaping matrix, 
V." (n) , is also zero-padded and transformed via an FFT to obtain a frequency-domain 
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matrix, u" (k) for k = (0, 1, ... ,N 0 -1). The vector R c (k) , for each value of i , is 
then pre-multiplied with the conjugate transpose matrix v" (k) (where the pre- 
multiplication is performed for each value of k, i.e., for k = (0, 1, ... ,N 0 -l)) to 
obtain a corresponding frequency-domain vector S e (k). Each vector S e (k), which 
includes a set of frequency-domain vectors of length N 0 , can then be transformed via 
an inverse FFT to provide a corresponding set of time-domain subsequences of length 
N 0 . The resulting subsequences are then reassembled according to the overlap-add 
method, or similar means, as is well-known in the art, to obtain sequences of recovered 
symbols, which corresponds to the set of recovered symbol vectors, s(n) . 
[1107] Thus recovered symbol vectors, s(n) , may be characterized as a convolution 
in the time domain, as follows: 

s(n) = ^r(Os(n-£) + z(n) , Eq (15) 

where T(0 is the inverse FFT of A(k) = A(*)VW(fc) ; and 

z(n) is the received noise as transformed by the receiver spatio-temporal pulse- 
shaping matrix, U H {(.) . 
The matrix T(n) is a diagonal matrix of eigen-pulses derived from the set of matrices 
A, where A = [A(0) ... A(k) ... A(N F -1)]. In particular, each diagonal element of 
T(") corresponds to an eigen-pulse that is obtained as the IFFT of a set of singular 
values, [i,,(0) ... X u (k) ... i,,(N F - l)] r , for a corresponding element of A, 
[1108] The two forms for ordering the singular values, sorted and random-ordered, 
result in two different types of eigen-pulses. For the sorted form, the resulting eigen- 
pulse matrix, T s (n) , is a diagonal matrix of pulses that are sorted in descending order of 
energy content. The pulse corresponding to the first diagonal element of the eigen-pulse 
matrix, {T s (n)} n , has the most energy, and the pulses corresponding to elements further 
down the diagonal have successively less energy. Furthermore, when the SNR is low 
enough that water-pouring results in some of the frequency bins having little or no 
energy, the energy is taken out of the smallest eigen-pulses first. Thus, at low SNRs, 
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one or more of the eigen-pulses may have little or no energy. This has the advantage 
that at low SNRs, the coding and modulation are simplified through the reduction in the 
number of orthogonal subchannels. However, in order to approach channel capacity, 
the coding and modulation are performed separately for each eigen-pulse. 
[1109] The random-ordered form of the singular values in the frequency domain 
may be used to further simplify coding and modulation (i.e., to avoid the complexity of 
separate coding and modulation for each element of the eigen-pulse matrix). In the 
random-ordered form, for each frequency bin, the ordering of the singular values is 
random instead of being based on their magnitude or size. This random ordering can 
result in approximately equal energy in all of the eigen-pulses. When the SNR is low 
enough to result in frequency bins with little or no energy, these bins are spread 
approximately evenly among the eigenmodes so that the number of eigen-pulses with 
non-zero energy is the same independent of SNR. At high SNRs, the random-order 
form has the advantage that all of the eigen-pulses have approximately equal energy, in 
which case separate coding and modulation for different eigenmodes are not required. 
[1110] If the response of the MIMO channel is frequency selective, then the 
elements in the diagonal matrices, A(k) , are time-dispersive. However, because of the 
pre-processing at the transmitter to invert the channel, the resulting recovered symbol 
sequences, |(n) , have little intersymbol interference, if the channel inversion is 
effectively performed. In that case, additional equalization would not be required at the 
receiver to achieve high performance. 

[1111] If the channel inversion is not effective (e.g., due to an inaccurate estimated 
channel frequency response matrix, H) then an equalizer may be used to equalize the 
recovered symbols, s(n) , prior to the demodulation and decoding. Various types of 
equalizer may be used to equalize the recovered symbol streams, including a minimum 
mean square error linear equalizer (MMSE-LE), a decision feedback equalizer (DFE), a 
maximum likelihood sequence estimator (MLSE), and so on. 

[1112] Since the orthogonalization process at the transmitter and receiver results in 
decoupled (i.e., orthogonal) recovered symbol streams at the receiver, the complexity of 
the equalization required for the decoupled symbol streams is greatly reduced. In 
particular, the equalization may be achieved by parallel time-domain equalization of the 
independent symbol streams. The equalization may be performed as described in the 
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aforementioned U.S. Patent Application Serial No. 10/017,038, and in U.S. Patent 
Application Serial No. 09/993,087, entitled "Multiple-Access Multiple-Input Multiple- 
Output (MIMO) Communication System," filed November 6, 2001, which is assigned 
to the assignee of the present application and incorporated herein by reference. 
[1113] For the embodiment in FIG. 7, the recovered symbol vectors, s(n) , are 
provided to RX data processor 162a. Within processor 162a, a symbol demapping 
element 732 demodulates each recovered symbol in s(n) in accordance with a 
demodulation scheme that is complementary to the modulation scheme used for that 
symbol at the transmitter system. The demodulated data from symbol demapping 
element 732 is then de-interleaved by a deinterleaver 734. The deinterleaved data is 
further decoded by a decoder 736 to obtain the decoded bits, d i , which are estimates of 
the transmitted information bits, d t . The deinterleaving and decoding are performed in 
a manner complementary to the interleaving and encoding, respectively, performed at 
the transmitter system. For example, a Turbo decoder or a Viterbi decoder may be used 
for decoder 736 if Turbo or convolutional coding, respectively, is performed at the 
transmitter system. 

[1114] FIG. 8 is a flow diagram of a process 800 that may be performed at the 
receiver unit to implement the various receive processing techniques described herein. 
Initially, an estimated channel response matrix for the MIMO channel is obtained (step 
812). This matrix may be the estimated channel impulse response matrix, A, or the 
estimated channel frequency response matrix, H. The matrix A or H may be 
obtained, for example, based on pilot symbols transmitted over the MIMO channel. The 
estimated channel response matrix is then decomposed (e.g., using channel eigen- 
decomposition) to obtain a set of matrices of left eigen-vectors, U (step 814). 
[1115] A pulse-shaping matrix U(n) is then derived based on the matrices of left 
eigen-vectors, U (step 816). The streams of received symbols are then conditioned (in 
either the time domain or frequency domain) based on the pulse-shaping matrix U(n) 
to provide the streams of recovered symbols (step 818). The recovered symbols are 
further processed in accordance with a particular receive processing scheme, which is 
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complementary to the transmit processing scheme used at the transmitter, to provide the 
decoded data (step 820). 

[1116] Time-domain receive processing with channel eigenmode decomposition is 
described in further detail in the aforementioned U.S. Patent Application Serial No. 
10/017,038. 

[1117] The techniques for processing a data transmission at a transmitter and a 
receiver described herein may be implemented in various wireless communication 
systems, including but not limited to MIMO and CDMA systems. These techniques 
may also be used for the forward link and/or the reverse link. 

[1118] The techniques described herein to process a data transmission at the 
transmitter and receiver may be implemented by various means. For example, these 
techniques may be implemented in hardware, software, or a combination thereof. For a 
hardware implementation, the elements used to perform various signal processing steps 
at the transmitter (e.g., to code and modulate the data, decompose the channel response 
matrix, derive the weights to invert the channel, derive the scaling values for power 
allocation, derive the transmitter pulse-shaping matrix, precondition the modulation 
symbols, and so on) or at the receiver (e.g., to decompose the channel response matrix, 
derive the receiver pulse-shaping matrix, condition the received symbols, demodulate 
and decode the recovered symbols, and so on) may be implemented within one or more 
application specific integrated circuits (ASICs), digital signal processors (DSPs), digital 
signal processing devices (DSPDs), programmable logic devices (PLDs), field 
programmable gate arrays (FPGAs), processors, controllers, micro-controllers, 
microprocessors, other electronic units designed to perform the functions described 
herein, or a combination thereof. 

[1119] For a software implementation, some or all of the signal processing steps at 
each of the transmitter and receiver may be implemented with modules (e.g., 
procedures, functions, and so on) that perform the functions described herein. The 
software codes may be stored in a memory unit (e.g., memories 132 and 172 in FIG. 1) 
and executed by a processor (e.g., controllers 130 and 170). The memory unit may be 
implemented within the processor or external to the processor, in which case it can be 
communicatively coupled to the processor via various means as is known in the art. 
[1120] The previous description of the disclosed embodiments is provided to enable 
any person skilled in the art to make or use the present invention. Various 
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modifications to these embodiments will be readily apparent to those skilled in the art, 
and the generic principles defined herein may be applied to other embodiments without 
departing from the spirit or scope of the invention. Thus, the present invention is not 
intended to be limited to the embodiments shown herein but is to be accorded the widest 
scope consistent with the principles and novel features disclosed herein. 



[1121] WHAT IS CLAIMED IS: 
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CLAIMS 

1. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing data for transmission over a MIMO channel, comprising: 

processing data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

deriving a pulse-shaping matrix based on an estimated response of the MIMO 
channel and in a manner to reduce intersymbol interference at a receiver; and 

preconditioning the plurality of modulation symbol streams based on the pulse- 
shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

2. The method of claim 1, further comprising: 

deriving a plurality of weights based on an estimated channel response matrix 
for the MIMO channel, wherein the weights are used to invert a frequency response of 
the MIMO channel, and wherein the pulse-shaping matrix is further derived based on 
the weights. 

3. The method of claim 2, further comprising: 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of eigen-vectors and a plurality of matrices of singular values, and 

wherein the weights are derived based on the matrices of singular values and the 
pulse-shaping matrix is further derived based on the matrices of eigen-vectors. 

4. The method of claim 2, wherein the estimated channel response matrix is 
descriptive of a plurality of eigenmodes of the MIMO channel. 

5. The method of claim 4, wherein one set of weights is derived for each 
eigenmode used for data transmission and wherein the weights in each set are derived to 
invert the frequency response of the corresponding eigenmode. 



6. 



The method of claim 4, further comprising: 
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deriving a plurality of scaling values based on the matrices of singular values, 
wherein the scaling values are used to adjust transmit powers for the eigenmodes of the 
MEVIO channel, and wherein the pulse-shaping matrix is further derived based on the 
scaling values. 

7. The method of claim 6, wherein the scaling values are derived based on 
water-pouring analysis. 

8. The method of claim 3, wherein the estimated channel response matrix is 
provided in the frequency domain and is decomposed in the frequency domain. 

9. The method of claim 3, wherein the estimated channel response matrix is 
decomposed using channel eigen-decomposition. 

10. The method of claim 4, wherein eigenmodes associated with 
transmission capabilities below a particular threshold are not used for data transmission. 

11. The method of claim 3, wherein the singular values in each matrix are 
sorted based on their magnitude. 

12. The method of claim 4, wherein the singular values in each matrix are 
randomly ordered such that the eigenmodes of the MIMO channel are associated with 
approximately equal transmission capabilities. 

13. The method of claim 1, wherein the pulse-shaping matrix comprises a 
plurality of sequences of time-domain values, and wherein the preconditioning is 
performed in the time domain by convolving the streams of modulation symbols with 
the pulse-shaping matrix. 

14. The method of claim 1, wherein the pulse-shaping matrix comprises a 
plurality of sequences of frequency-domain values, and wherein the preconditioning is 
performed in the frequency domain by multiplying a plurality of streams of transformed 
modulation symbols with the pulse-shaping matrix. 
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15. The method of claim 1, wherein the pulse-shaping matrix is derived to 
maximize capacity by allocating more transmit power to eigenmodes of the MIMO 
channel having greater transmission capabilities. 

16. The method of claim 1, wherein the pulse-shaping matrix is derived to 
provide approximately equal received signal-to-noise-and-interference ratios (SNRs) for 
the plurality of modulation symbol streams at the receiver. 

17. The method of claim 1, wherein the particular processing scheme defines 
a separate coding and modulation scheme for each modulation symbol stream. 

18. The method of claim 1, wherein the particular processing scheme defines 
a common coding and modulation scheme for all modulation symbol streams. 

19. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing data for transmission over a MIMO channel, comprising: 

processing data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of eigen-vectors and a plurality of matrices of singular values; 

deriving a plurality of weights based on the matrices of singular values, wherein 
the weights are used to invert the frequency response of the MIMO channel; 

deriving a pulse-shaping matrix based on the matrices of eigen-vectors and the 
weights; and 

preconditioning the plurality of streams of modulation symbols based on the 
pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

20. The method of claim 19, further comprising: 

deriving a plurality of scaling values based on the matrices of singular values, 
wherein the scaling values are used to adjust transmit powers for eigenmodes of the 
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MIMO channel, and wherein the pulse-shaping matrix is further derived based on the 
scaling values. 

21. A memory communicatively coupled to a digital signal processing 
device (DSPD) capable of interpreting digital information to: 

process data in accordance with a particular processing scheme to provide a 
plurality of streams of modulation symbols; 

derive a pulse-shaping matrix based on an estimated response of the MIMO 
channel and in a manner to reduce intersymbol interference at a receiver; and 

precondition the plurality of streams of modulation symbols based on the pulse- 
shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

22. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing a data transmission received via a MIMO channel, comprising: 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of eigen- vectors; 

deriving a pulse-shaping matrix based on the matrices of eigen-vectors; and 

conditioning a plurality of streams of received symbols based on the pulse- 
shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 

23. The method of claim 22, wherein the conditioning is performed in the 
time domain based on a time-domain pulse-shaping matrix. 

24. The method of claim 22, wherein the conditioning is performed in the 
frequency domain and includes 

transforming the plurality of received symbol streams to the frequency domain; 
multiplying the transformed received symbol streams with a frequency-domain 
pulse-shaping matrix to provide a plurality of conditioned symbol streams; and 
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transforming the plurality of conditioned symbol streams to the time domain to 
provide the plurality of recovered symbol streams. 

25. The method of claim 22, wherein the conditioning orthogonalizes a 
plurality of streams of modulation symbols transmitted over the MIMO channel. 

26. The method of claim 22, further comprising: 

demodulating the plurality of recovered symbol streams in accordance with one 
or more demodulation schemes to provide a plurality of demodulated data streams; and 

decoding the plurality of demodulated data streams in accordance with one or 
more decoding schemes to provide decoded data. 

27. The method of claim 22, further comprising: 

deriving channel state information (CSI) comprised of the estimated channel 
response matrix for the MIMO channel; and 

sending the CSI back to the transmitter. 

28. In a multiple-input multiple-output (MIMO) communication system, a 
method for processing a data transmission received via a MIMO channel, comprising: 

obtaining an estimated channel response matrix for the MIMO channel; 

decomposing the estimated channel response matrix to obtain a plurality of 
matrices of ei gen- vectors; 

deriving a pulse-shaping matrix based on the matrices of eigen -vectors; 

conditioning a plurality of streams of received symbols based on the pulse- 
shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver; 

demodulating the plurality of recovered symbol streams in accordance with one 
or more demodulation schemes to provide a plurality of demodulated data streams; and 

decoding the plurality of demodulated data streams in accordance with one or 
more decoding schemes to provide decoded data. 
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29. A memory communicatively coupled to a digital signal processing 
device (DSPD) capable of interpreting digital information to: 

obtain an estimated channel response matrix for a MIMO channel used for a data 
transmission; 

decompose the estimated channel response matrix to obtain a plurality of 
matrices of eigen- vectors; 

derive a pulse-shaping matrix based on the matrices of eigen-vectors; and 
condition a plurality of streams of received symbols based on the pulse-shaping 
matrix to provide a plurality of streams of recovered symbols which are estimates of 
modulation symbols transmitted for the data transmission, wherein the modulation 
symbols are preconditioned at a transmitter, prior to transmission over the MIMO 
channel, in a manner to reduce intersymbol interference at a receiver. 

30. A transmitter unit in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

a TX data processor operative to process data in accordance with a particular 
processing scheme to provide a plurality of streams of modulation symbols; and 

a TX MIMO processor operative to derive a pulse-shaping matrix based on an 
estimated response of a MIMO channel and in a manner to reduce intersymbol 
interference at a receiver, and to precondition the plurality of modulation symbol 
streams based on the pulse-shaping matrix to provide a plurality of streams of 
preconditioned symbols for transmission over the MIMO channel. 

3 1 . The transmitter unit of claim 30, wherein the TX MIMO processor is 
further operative to derive a plurality of weights based on an estimated channel response 
matrix for the MIMO channel, wherein the weights are used to invert the frequency 
response of the MIMO channel, and wherein the pulse-shaping matrix is derived based 
in part on the weights. 

32. The transmitter unit of claim 3 1 , wherein the TX MIMO processor is 
further operative to decompose the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors and a plurality of matrices of singular values, and 
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wherein the weights are derived based on the matrices of singular values and the pulse- 
shaping matrix is further derived based on the matrices of eigen-vectors. 

33. The transmitter unit of claim 31, wherein the TX MIMO processor is 
further operative to derive a plurality of scaling values used to adjust transmit powers 
for the eigenmodes of the MIMO channel, and wherein the pulse-shaping matrix is 
further derived based on the scaling values. 

34. The transmitter unit of claim 33, wherein the scaling values are derived 
based on water-pouring analysis on a plurality of matrices of singular values obtained 
from the estimated channel response matrix. 

35. An apparatus in a multiple-input multiple-output (MEMO) 
communication system, comprising: 

means for processing data in accordance with a particular processing scheme to 
provide a plurality of streams of modulation symbols; 

means for deriving a pulse-shaping matrix based on an estimated response of a 
MEMO channel and in a manner to reduce intersymbol interference at a receiver; and 

means for preconditioning the plurality of modulation symbol streams based on 
the pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 

36. A digital signal processor comprising: 

means for processing data in accordance with a particular processing scheme to 
provide a plurality of streams of modulation symbols; 

means for deriving a pulse-shaping matrix based on an estimated response of a 
multiple-input multiple-output (MEMO) channel and in a manner to reduce intersymbol 
interference at a receiver; and 

means for preconditioning the plurality of modulation symbol streams based on 
the pulse-shaping matrix to provide a plurality of streams of preconditioned symbols for 
transmission over the MIMO channel. 
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37. A receiver unit in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

an RX MIMO processor operative to obtain an estimated channel response 
matrix for a MIMO channel used for a data transmission, decompose the estimated 
channel response matrix to obtain a plurality of matrices of eigen-vectors, derive a 
pulse-shaping matrix based on the matrices of eigen-vectors, and condition a plurality of 
streams of received symbols based on the pulse-shaping matrix to obtain a plurality of 
streams of recovered symbols which are estimates of modulation symbols transmitted 
over the MIMO channel, wherein the modulation symbols were preconditioned at a 
transmitter, prior to transmission over the MIMO channel, in a manner to reduce 
intersymbol interference at the receiver unit; and 

an RX data processor operative to process the plurality of recovered symbol 
streams in accordance with a particular processing scheme to provide decoded data. 

38. The receiver unit of claim 37, wherein the RX MIMO processor is 
operative to condition the plurality of streams of received symbols in the time domain 
based on a time-domain pulse-shaping matrix. 

39. An apparatus in a multiple-input multiple-output (MIMO) 
communication system, comprising: 

means for obtaining an estimated channel response matrix for a MIMO channel 
used for a data transmission; 

means for decomposing the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors; 

means for deriving a pulse-shaping matrix based on the matrices of eigen- 
vectors; and 

means for conditioning a plurality of streams of received symbols based on the 
pulse-shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 



40. 



A digital signal processor comprising: 
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means for obtaining an estimated channel response matrix for a multiple-input 
multiple-output (MIMO) channel used for a data transmission; 

means for decomposing the estimated channel response matrix to obtain a 
plurality of matrices of eigen-vectors; 

means for deriving a pulse-shaping matrix based on the matrices of eigen- 
vectors; and 

means for conditioning a plurality of streams of received symbols based on the 
pulse-shaping matrix to provide a plurality of streams of recovered symbols which are 
estimates of modulation symbols transmitted for the data transmission, wherein the 
modulation symbols are preconditioned at a transmitter, prior to transmission over the 
MIMO channel, in a manner to reduce intersymbol interference at a receiver. 
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METHODS AND APPARATUS FOR OPERATING MOBILE NODES IN MULTIPLE 

STATES 

RELATED APPLICATION 

This application claims the benefit of U,S, Patent Application S,N. KV324.I94 
JBed .December 20, 2002 titled "Methods and Apparatus for Operating Mobile Nodes m Multiple 
Slates" and the benefit of U.S. Provisional Patent Application S.N. <M)/40 1,920 filed on 
August 8, 2002. titled; "Methods arid Apparatus ibi implementing Mobile Communications 
System" which is hereby expressly incorporated by reference. 

FI ELD OF TBE INVENTION 

The present invention is directed to wireless communications systems and, more 
•particularly, to methods and apparatus for supporting a plurality of mobile nodes in a 
communications ceil with limited resources. 

BACKGROUND OF THE INVENTION 

Wireless commititkatioos systems are frequently implemented as one or snore 
communications cells. Bach cell normally includes a base station winch supports 
communications with mobile nodes that are located m, or enter, the communications range of 
the cell's base station. Within a cell or a sector of a cell, the unit of communications resource is 
a symbol, e.g., QI-'SKL or QAM tn.instnitt.ed on one frequency tone for one lime slot in m 
orthogonal frequency division multiplexed (OFDM) system. The total available communication: 
resource is divided into a number of such symbols (units) which can be used for communicating 
control and data information hetv* x,en a base station ,md one or more mobile nodes m the cell 
and tends to be limited. Control signals transmitted between a basestation and a mobile node 
tnav be transmitted m two nobble dictions, i e„ fu>n< the hascsMhon to menobdc n«de ot 
ttora the mobile node to tht b:^e station Itausansston «f ^jcnals. ftom the bast- stitton to 'he 
mobile is often called a downlink, in contrast transmission from the mobile to the base station 
is commonly referred to as an uplink. 
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In order to provide efficient use of limited communications resources, base 
stations may allocate different numbers of tones to different mobile nodes depending on the 
devices' bandwidth need?. In a multiple access system, several nodes may be transmitting data, 
e.g., in the fonn of symbols, to a base station at the same time using different roues. This is 
common in OFDM systems. In suc k systems, it is important that symbols from different mobile 
nodes arrive at the bass station in asynchronized manner, e.g , so the base station can properly 
determine the symbol period to which a received symbol belongs and signals from different 
mobile nodes do not interfere with each other. As mobile nodes move m a cell, transmission 
delay will vary as a function of the distance bens een a mobile node and a base station, hi order 
to make sure that transmitted symbols will arrive at a base station from diftereut mobile nodes in 
synchronized manner, timing control signals, e.g., feedback signals, may be and in man; cases 
are, transmitted to each active mobile node of a cellular system. The timing control signals are 
often specific to each device and represent, e.g., timing corrections of offsets to be used by the 
device to determine symbol transmission timing. Timing control signaling operations include, 
e.g., monitoring for timing control signals, decoding received timing control signals, and 
performing timing control update operations in response to the decoded received timing control 
signals, 

Timing control signals can be particularly important in systems v. here theie are a 
large number of mobile nodes. In oufe to avoid interference tYum a mob.de node due to timing 
miss svnehromivilion. it may be necessary to establish timing syiiehromzanwi and control before 
allowing a mobile node to tmnsmit data, e.g., voice data, TP picket including data. etc. to a base 

station.. 

Ui addition to managing limned resources such as bandwidth, power • nmagenerr 
is often a concern in w neiess communications systems. Mobile nodes, eg , wbe'^f terminals, 
are oUcnpoweied \vhaituus Suite batten powa is 'amtvd, u isdeshabx. to u dues? power 
requirements and thereby increase the amount of time a mobile imde can operate without a 
battery recharge ot battery replacement. In outer 10 minimize power consumption, it is desirable 
to limit me amount of power used to transmit signals to a base station 10 the minimal amount of 
power required Another ad\ anlage of mmiramm; mobile node transmission now e* is ih:it it has 
tfje additional benefit <*f limiting the amount of interference that the transmissions will cause in 
neighboring ceHs which wjH often use the same frequenek'i* as an adjoining ceil. 
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In order to facilitate transmission power control power control signaling, e,g, t a 
feedback loop, may be established between a base station and a mobile node. Power control 
signaling often takes place at a much faster rate than the liming control signaling, This is 
because power control signaling attempts to track variations in the signal strength between the 
base station and the mobile nodes and this can typically vary on the scale of milliseconds. The 
timing control needs to take into consideration changes in the distance between base station and 
the mobile nodes and tins tends to vary on a much slower scale., typically hundreds of 
milliseconds to seconds. Thus the amount of control signaling overhead for power control tends 
to be much more than that for timing control. 

In addition to timing and power control signaling, other types of signaling may be 

employed. For example mobile nodes in addition may also signal on an uplmk the quality of the 
downlink channel. This may be used by the base station to determine the communication 
resource allocation to allow for the transfer of dat a packets from the base station to the mobile. 
Such downlink channel quality reports allows a base station to determine which mobile node to 
transmit to and if a mobile node is chosen then the amount of forward error correction protection 
to apply to the data. These downlink channel quality reports generally are signaled on a similar 
time scale as the power control signaling. As another example, signaling may be used to 
periodically announce a mobile node's presence in a cell to a base station, U can also be used to 
request allocation ofnpii.uk resources, e.g., to transmit user data in a communications session. 
Shared as opposed to dedicated resources maybe used for such announcements and/nr resource 
requests:. 

Signaling resources, e.g.. time slots or tones, may b<_ shared or dedicated, in the 
case of shared time alms or tones, multiple devices may attempt to use the resomcc, e.g., 
segment or time -slot, to communicate Informanon at flic „ume invc, hi die case of a shared 
resource, cat-h ode in the system normally tries tc use the resource on an as needed basis. This 
sometimes results in collisions, hi the case of dedicated resources, e g , with time slots and- or 
tones being allocated to particular communication device or group of deuces to me exclusion 
of otfsw devices for a vcitain period of lime, the problem of possible colleens is axoided or 
reduced. The dedicated resources may be pait of a common lesomee, c g.. a common channel, 
wheie segmsuts o r the channel cac dedicated, l g allocated, to mdu idual de\ »cf s or ctoup^ of 
>V-\ ices when* the giourxs include fewej than the total mimhei of mobile nc-d^ m a cell Fo« 
example, m the caso of an npimlc tune segmerb mas be demean. J te mdi\ idaaj rjobde nodes to 
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prevent tUt possibility of collisions In the case of a downlink, time .slots may he dedicated to 
individual devices or, in the case of multicast messages or control signals, to a group of devices 
which are to receive the sa-ue messages and/or con owl signals. While segments of a common 
channel may be dedicated to indi* [dual nodes at different tijr.es, ox er time multiple nodes will 
use differe-n. segments of the channel therein making the overall channel common to multiple 
nodes. 

A logical control channel dedicated to an individual mobile node may he 
comprised of segments of a common channel dedicated for use by the individual mobile node. 

Dedicated resources that go unused may be wasieml. However, shared uplink 
resources which may be accessed by ?nuitipie users simultaneously ma> suffer fxom a iarce 
number of collisions leading to wasted bandwidth and resoling m an unpredictable amount vf 
time required to communicate, 

While timing and power control signals and downlink channel quality reports are 
useful in managing communications in a wireless communications system, due to limited 
resources it may not be possible for a base station to <atpport a large number of nodes vhen 
power control and other types of signaling need to be sappmted on a continuous basis for each 
node m the system. 

lu view of the above discussion, it is apparent that Uveie is a need foi improved 
methods of allocating limited resom-ees to mobile nodes to permit a relatively large number of 
nodes to he supported by a single base station with limited eonmunicaiions resources It is 
desirable that at reast some methods of communications resource allocation and mobile node 
management take info consideration Hie uoed fortuning control signaling and the durability ot 
power control signaling in mobile communications systems. 
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The present invention is directed to methods and apparatus for supporting 
multiple wtrekss terminals, e.g., mobile rodes, using a single base nation and limited resources 
suck as b.'iiuiwidth foi the transmission of signals between the base station and mobile nodes, 
e.g.. m a eommuiitcations cell. A system may be implemented in accordance with the imenhor 
as a plurality of cells, each ceil inohulitij: at least erne base station which genes multiple mobile 
nodes. A rnobde node can, but need not, mo\ e within a cell or between cells. 

in accordance with the ptesenf (mention, mobile nodes support multiple .states of 
operation. The control signaling resources used by 4. mobile node vary depending on the state of 
operation. Thus, depending on die state of the mobik node, a large amount of signaling 
iesouices may be required while m other state? a minimum amount of tesourecs maybe 
^ured Control M^ml as k -.onset- sr*. m edoibon to d<na tuiMUs' on teboiuec* e e 
bandwidth used to emimutnieate payload daw such as \ dice, data Dies, etc Bv supporting 
ditTcreni mobile node states of operation, requiring differing .'anmmts of base station, mobile 
node control eomnmnicaunus resomces, e g , signal bandwidth, used tor control pwposes. more 
mobile nodes can be supported by abase station than could be supooitcd if all mobile nodes 
were allocated the fame amount of communications resources for control snmahng ruirpose^ 

Bandwidth allocated to s particular mobile deuce fot communicating control 
signals between the mobile device and a base station is known as dedicated control bandwidth. 
Dedicated control bandwidth may compose multiple dedicated logical or physical control 
channels In some embodiments, each dedicated control channt 1 correspond* to one or more 
OA.diea.ted segments of a common control channel. Control channel segments ma*.' be c.y., 
channel time slots used for transmitting and oj receiving control signals. Dtdie.it cd upknk 
control channel segments differ from shared uplink control channel segments \*heic multiple 
de\ ices share the same bandwidth for uplink signaling. 

In the ease ot a shared communications channel conflicts may result when 
multiple nodes, at the same time attempt to transmit a control signal Usiug the shared 
conun u meahous channel 
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Mobile nodes implemented in accordance with one exemplary embodiment 
suppoit four slates, e.g. modes of operation. The four plates are; a sleep state, a hold state, an 
access? state, and an on state. Of these the access state is a transitory stage and the other slates 
are. steady states and fho mobile nodes can be in these states for an extended period o films. 

Of the tout stales, the ou state requires the highest amount of contro' signaling 
resources, e.g., bandwidth used for cornel signaling purposes. In this .state, the mobile node is 
allocated bandwidth on as needed basis for transmitting and receiving traffic data, e.g.. payload 
information sueh as text or s ideo. Thus, at anj given time in the on state a mobile node may be 
allocated a dedicated data channel for transmitting payload information. In the on state the 
mobile node is also allocated a dedicated uplink control signaling channel. 

in various embodiments, a dedicated uplink control cbamie! is used during the on 
.state by the MN to make downlink channel quality reports, eomrnumcate resource; requests, 
implement session signaling, etc. Dovxulink channel quality reports are normal})' signaled 
frequently enough to track variations in the signal strength bet* ee-n the hast' station and the 
mobile node. 

During the on state, the base station and mobile node exchange timing control 
signals using one or more dedicated control channels allowing the mobile node to periodically 
adjust its transmission timing, e.g., symbol timing, to take into consideration changes in distance 
ami othei factors ^hich nusht ctusc the tumssrutted signals to drift tuning from tlx ha?v sta dun's 
perspective, with the signals transmitted by other mobile nodes. As discussed above, the use of 
timing control signaling and performing timing control Signaling operations, such as updating 
transmission tinting, is important in many systems which use orthogonal frequency division 
multiple access hi the uplink to avoid interference front transmission signals generated by 
multiple nodes in the same cell. 

So pio\ ide transmission pov>er control, during the tin state, transmission pover 
eoutiol signaling is unoloved to provide a feedback mediatmm whereby a mobile node is able 
to efficiently control its transmission power levels based on signals periodically received from 
the base station with which ii is communicating. In various embodiments the base station 
periodically transmits power control signals over a dedicated control downlink. As part of the 
transmission power control signaling process, the mobile node, performs various transmission 
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power control signaling operations mcdudtng. for example, monitoring fo? transmission pernor 
control signals directed to the particular mobile node, decoding recuyed transmission powei 
control signals, aud updating its transmission power levels based op the received dud decoded 
transmission pov.er control signals. Thus, m response to receiving power control s'gaais m a 
dedicated downlink segment corresponding to die particular mobile node, rise mobile node 
adjust? its transmission power lwd in response to the iceeivcd signal In this manner, a mobile 
nodt can increase oi decease its transmission power to Provide fur successful receipt of signals 
by the base station without excessive wastage of power and therefore reducing interference and 
fmpro\ tug battery life The power control signaling is typically earned out snfneienih 
frequeuth jo track fast v ariathms w die signal strength between the base station and the mobile 
no.fes file powei control interval is z function of smallest channel coherence tunc that die 
system is designed for. The power control signaling and du. downlink channel quality rejun^ 
sire normally of similar time scale, and in geneial. occur at a much higher frequency than the 
tinting comrol signaling. Ho* ever, in accordance w ith one teatmc. of die present invention mo 
baw; station varies the rate at which it transmits power control signals to a mobile node as a 
function of die mohilt node's shite of operation. As a result, m such an embodiment, the rate at 
u-lneh the mobile node performs Transmission power control adjustments will vary as a function 
of the state m which the mobile node operates, in one exemplary embodiment, power control 
updates aic not performed in the sleep state and, -when performed in the hold state, are noimaliy 
performed at a lower rate than daring the on sute 

Operation of a mobile node m the hold state requires few or eontrol 
communications resources, e.g., bandwidth, than are required to support operation of a mobile 
node in the on state in addition, in various embodiments while m the hold .state a mobile node 
'? denied bandwidth Ioj transmitting p<t>load d.ua, but rht mobile <.an be a'loeated handvMdth for 
leceh mg nayioad data, in such embodiments the mobile node is denied a dedicated data uplink 
communications channel during the hold s*ate lite bandwidth allocated for ieceivmg data may 
he. eg., a data dow niiitk chramel shared v ith other mobile nodes During the hold suite timing 
conuoi signaling is ruamtair.ed and the mobile node is also allocated a dedicated tontroi uplink 
communication resource, e.g., dedicated uplink control communications channel, which it can 
use to request changes to orbcr states. TLU allocs, for example, a mobile node to obtain 
additional eommwneations icsoujces by requesting a transition to the on statt. where it could 
ticiusruu payload data. In seme but not all embodiments, in the hold state, the dedicated uplink 
control diannel is limited to the coranuiptcalion of signals requesting permission to change the 
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state of mobile node operation, e.g , from the hold state to the on state. During ihe hold stare the 
bandwidth allocated, e.g., dedicated, to a mobile nods for control signaling purposes is less than 
in the on-state. 

MaiiUaming tinung control while m the hold-state allows the mobile nodes lo 
transmit their uplink requests without generating interference to other mobiles within the same 
celi and having a dedicated uplink control resource ensures that the deiavs for stats transition are 
minimal as the jcquesis tor stale transition* do not collide with similar requests from other 
mobile nodes as may occur m the case of shared uplink resources, Since fhnntg control 
signaling is maintained when f'ie mobile node transitions from the hold stare 10 the on state u 
can transmit data without much delay, e.g.. as soon as the requested uplink resource is granted, 
without concern* about creating interference for other mobile nodes in the cell due to dnil of 
uplink sytnhoi timing. During the hold state, inmsmiss'.on power control signaling maybe 
discontinued or perfuimed less frequently, e.g. at greater intervals than performed during on 
suite operation. In this manner, the dedicated control resources used foi power control signaling 
can be eliminated or reduced allowing fewer resources to be dedicated to this purpose than 
would be possible if power control signaling for all nodes in tin, hold state w us performed at the 
«ame rate as in the on state. 

When transitioning from the hold state tu the on state, ihe mobile node may start 
off witli an initial high power level to insure that its signals are received by the hast station with 
the power level being reduced once transmission power control signaling resumes at a normal 
rate as pait of on state operation. In otic exemplary embodiment, when the mobile node in the 
hold sute intends to migtate to the on state. H transmits a state transition request using a 
dedicated uphiffe communication resource, which is not shared with any other mobile nodes. 
) tk base Ftahon then n^poiKh -sub * bro ^ueast message indicating its respond* to rht m.VhkS 
state transition request. The mobile on receding the base station message meant for it responds 
with an acknowledgement. The acknowledgment is transmitted over a shared resource on the 
uplink and is skned to the broadcast message on the downlink. 

By transmuting an appiopriiiie state transition request the mobile may also 
transition to the sleep state, in one exemplary embodiment, when the mobik node does not 
mtend to uucnve to another state, the mobile node may not transmit am signal in its dedicated 
uplink cornniiinication channel though the dedicated channel has been assigned to the mobile 
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node and is therefore not used by any other mobile nodes In another embodiment, the mobile 
node uses an on/off signaling in its dedicated uplink communication channel, where the mobile 
node sends a fixed signal foa) when it intends hi migrate to another stale and does not send any 
signal foiTft vi hut it does iwt intend to nngi.au; to an v other state In <his ease, tlu t:ansrmssiou 
of the fixed signal can he interpreted as a migration request to the on state if the transmission 
occurs at certain time instances, and as a migration request to the sleep state if the transmission 
occurs at some othei tin it instances. 

In order to support a large number of mobile nodes, a sleep state requiring 
relatively tew communications resources is also supported, hi an exemplary embodiment, 
daring die sleep -state, timing control signal and power control signaling are not supported. 
Thus, in the sleep state, the mobile nodes normally do not performing transmission timing 
control or transmission power control signaling operations such as recen ing, decoding and using 
timing and transmission power control signals In addition, the mobile node is not allocated a 
dedicated uplink control resource, e.g., uplink control communications channel, for making state 
transition requests or payload transmission requests. In addition, during the sleep state the 
mobile node is not allocated data uansnasMon resources, o g.. demeatui bandwidth, for use m 
transmitting payload data, e.g., as part of a communications session with another node 
conducted through the b&se station. 

Given the absence of a dedicated uplink ioni?ol channel during the sleep state, a 
shared communications- channel is used to contact the base station to request resources ncuessary 
&>r a mobile node to initiate transition from the sleep state to another state. 

In some embodiments, in the sleep state the mobile node may, at the behest oi'the 
base station serving the cell, signal its presence in the ceil. e,g„ using a shared communication* 
resource Howca er, us discussed abo\ e, hide other signaling is supported during this state of 
operation. Thus. \ ur> little control signaling bandwidth is used to communicate control 
information between mobile nodes in the sleep state ami ,t base station .serving the nodes, 

Ihc access state is a state through which a node in the sleep state can transition 
into one of the oihei supported states, fhe transition between states may be tagge^ed by an 
action by a user of the mobile node, e.g., m attempt to transmit data to another mobile node 
Upon entering the access sintc, transmission power contiol and timing control signaling has net 
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yst been established. During access state operation, timing control signaling is established and, 
in various embodiments, full or pattia! transmission power control signaling is established. A 
mobile node can transition from the access stater to either ins on state- or the hold state. 

'The establishment of fhe timing synchronization and transmission power eootnd 
can take some amount of time during * hich data transition is delayed Also the access process 
happens through a shared media and contentious between mobile nodes need tn be resoh ed. By 
supporting a bold state in accordance with the prescm. invention, in addition to a sleep state, such 
delays can be avoided tor a number of mobile nodes, as transition from ihe hold state to the on 
state does not go through ihe access state, while die number of nodes which can be supported by 
a single 5>asc station is larger tban would be possible wrthout the use of reduced signaling states 
of mobile node operation. 

in some embodiments, for an indiudua! coll tbe. maximum number of mobile 
nodes that can be m the sleep state at any given time is set to he greater than the maximum 
number of mobile nodes that can be in the hold state at given time ia addition, the maximum 
t mmber of mobile mules witch oan be in she hold at any given time is set to be greater than the 
maximum number of node? that can be in the on Mate at any given time- 
In accordance with a power conservation feature of the present invention, 
downlink control signaling from the base station to the mobile nodes is divided mto a plurality 
of control channels. A different number of downlink control channels are monitored by a 
mobile node depending on the node's state of operation Dunn* die on btato the greatest number 
of downlink control Uianncls are monitored. During the hold state a smaller number of 
downlink control channels are monitored than during the on state, in tlie sleep state the smallest 
number of downlink mntio! channels are momtored. 

To further reduce powei consumption in the mobile node associated with 
monitoring tor control signals, m accordance w itli one feature of the invention control channels 
monitored during the hold and sleep states are implemented as periodic control channels That 
is, signals are not hioadeasi on a continuous basis on the control channels monitored in the hold 
and sleep slates. Thus, during the bold and sleep states ihc mobiles monitor for control signal 
at periodic intervals and s^n c pov* er by not monitoring lot control signals at those times when 
control signals aienot transmitted on the monitored channels. To further decrease the nine a 
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particular mobile needs to monitor for control signals during the hold and sleep states, portions, 
e.g., segments, of die periodic eomrol channels may be dedicated to one or a group of mobile 
nodes. The mobile nodes are made aware of which control channel segments are dedicated to 
than and then monitor the dedicated segments as opposed 10 all the segments in the control 
channels. This allows monitoring for control signals to be performed in the bold and sleep states 
by individual mobile nodes at greater periodic intervals than would be possible if the mobile 
vcere required to monitor all segments oft.be periodic conuol channels. 

h\ one particular embodiment, during the on state, mobile nodes monitor 
segments of an assignment channel on a continuous basis and also monitor segments of periodic 
last paying and slow paging ennirm channels Wncn in the bold state the mobnes monitor the 
fast paging and slow paging control channels. Such monitoring may involve monitoring a 
subset of the segments of the periodic last and slow paging channels, e.g., segments dedicated to 
the particular mobile node. During the hold state in the particular exemplary embodiment the 
slow paging channel is monitored but not the last paging channel or the assignment channel 
The paging control channels may be used to instruct the mobile node to change slates 

By limiting the number ofcout.ro! channels and the rate of contnd channel 
monitoring as a function of the state of operation, power resources can be conserved in 
accordance with the invention while operating in die hold and sleep states. 

Numerous additional features, benefits and details of the methods and apparatus 
01 the prudent indention are described in the detailed description which follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

1 !£• 1 tllujttatci sn evemplat > conmiowcation cell ^h>c^ >ua> fx port of a 
communications system, implemented in accordance with the present invenSion. 

Fig. 2 illustrates abase station implemented in accordance with the present 

invention. 

Fig. 3 illustrates a mobile node implemented in accordance with the present. 

invention, 
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Fig. 4 i$ a state diagram illustrating the diiTcreni states that a mohile node may 
ent&r vdnic operating in accordance with the present invention. 

Fig. 5 is a chart illustrating various control and signaling modules thar are 
executed by a mobile node during each of the different states Illustrated in Fig. 4 

hg. illustrates tho transmissions associated with three exempkuy downlink control 
channel used in accordance with one embodiment of the present invention 

Fig. ' illu^fiates which control channels shown ;n fig, o are monitored in each m die 
nun states in which a mobile node ot the present rrrveimon may operate, 

DETAILED mCStWTlON 

Fig. i illustrate!? a communications cell 10 implemented in accordance v. uh tbe 
present invention, A eoimmmicatious system may include multiple cells of the iype illusirated 
in Fig. 1, 1 he communications cell 10 includes a base Matioo i: and a plurality, ea.., ,i number 
N. of mobile nodes 14, lo which evciumge data and signals with the base station 12 over the air 
as represented h> arrows 13. 1 5. In accordance with the tnveation. the base station 12 and 
mobile nodes 14, 16 are capable of performing and or maintaining crmttoi signahng 
independently of data signaling, eg , \oiee or other pavload infoiroauon. being communicated, 
Examples of control signahrtg include power coulu 1, downlink channel unahrv repeat*, and 
timing control signaling. 

Fig, 2 illustrates a base station implemented m accordance with the present 
invention. As shown, the exempkuy KS 12 includts a receiver cuvuil 202. trans>mn{ci circuit 
204. processor 206, memory 210 and a network interface 20S coupled together bv a bus 207 
The Keener enci n 202 n- coupled to an antenna 20^ fei ieceivmg signal from niehi.e nod-^s 
The tnHwmittor circuit 204 is coupled to a transmitter antenna 20^' which can be used to 
cuoadcdst .signals to mobile nodes, Ihe network interface 20S ts used to couple the bnsc station 
3 2 to uue or more nctw oi & elements, t g. ? iouters anri'oi Hit Internet In this manner the base 
station 1 2 can serve as « co umian^atmns e'emen* between mobde «ode,s ^i\ ieut hj tlo, base 
station 12 and othu netwoik elements. 
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Operation of the base station 12 is controlled by the processor 206 under 
direction of one or more routines stored in the- memory 210. Memory 21 0 includes 
communications routines 223, data 220, session management^'esoiuce allocation routine 222, 
session and re-source signaling subroutine 224, and active user information 212. 
Communications routines 223, include various communications applications which may be used 
to provide particular services, e.g., IP telephony services or interactive gaming, to one or more 
mobile node users. Data 220 includes data to be transmitted to. or received from, one or more 
mobile nodes. Data 220 may include, e.g., voice data, E-mail messages, video images, game 
data, eta* 

The session, management and resource allocation routine 222 operates in 
conjunction with .subroutines 224 and active user information 212 and data 220 The routine 
222 is responsible for detemiining whether and when mobile nodes may transition be ween 
slates and also the resources allocated to u mobile node within a state. It may base its decision 
on various criteria such as, requests from mobile nodes requesting to transition between states, 
idletime/time spent by a mobile in a particular stale, available resources, available data, mobile 
priorities etc 'These criteria would alkm a base station to support different quality of service 
R)OS> across ihe mobile nodes connected to it 

The session and resource signaling subroutine 224 is culled by session 
management routine 222 when signaling operations aie required. Such signaling is used to 
indicate the permission to transition between states. It is also used to allocate the resomces, eg , 
when in u particular state For example, m the on state a mobile node may be granted resources 
to transmit or receive data. 

Active user information 212 includes mfonnaricn for each active user and/or 
mobile, node sei viced by tire base station 1 2. For each mobile node and or user it includes a set 
of statu information 213, 213', The state information 213, 213' includes, e.g., whether the 
mobile n"de * s nr <sti en state, a hmd stare, a sleep state, m an act ess stare as suppoued ir 
accordance wdh the present nn cntiou, number and types of data packer currently available foi 
transmission to or from the mobile node, and information on the communication resources used 
by the mobile node. 
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fig 3 illustrates an exemplary mobile node 14 implemented in accordance with 
the invention The mobile node 14 includes a receiver 302, a tramanittei 304, antennas 30.% 305. 
a memory 210 and & processor coupled together as shown in Fig, 3, The mobile node uses it? 
transmitter 306, receiver 302, and antennas 303, 305 10 send and receive information to and 
torn base station 12, 

Memory 210 mchuies u^er-deviee information 312, data 320, a power control and 
power control signaling module 322, a timing cuntiol and timing control signaling module 324, 
a deuce status control and status signaling module 32b, and a data control and data signaling 
modulo 32S. Hie mobile node 14 operates under control of the modules, winch arc executed by 
the processor 30?5 User device information 312 includes de\ ice information, e.g.. a device 
identify a network address m a telephone mimbei. This information can he used, by tiu- base 
station ! 2, io identify iht mobile nodes, e §.. when assigning communications channels. The 
user/device mformatkm 3 1 1 also includes imbrmauon concerning hie. present state of the mobile 
device 14. The data includes, e.g., voice, texl and'or other data recuved from, or m be 
transmitted to, the base station as part of a communications session 

Device stains control and status signaling module 326 w used lor device status 
control and status signahng Device slams control module 326 determines, m conjunction ith 
signals received from the base station 12, what mode, e,g„ state, the mobile node 14 is to operate 
in at an> given time. In response to, e.g., user input, the mobile node 14 may request permission 
from the bast; station 12 to transition from one stale m another and to be granted thr resources 
associated w ith a p\ en state Depending on the Mate of operation at any given time anu the 
eoimimuieahons resources allocated to the mobile node M. stafus control :md status signaling 
module 326 determines ^hat signaling is to occur and which signaling modules are to be active. 
In response to periods of reduced signal activity c.g „ control signal activity, status control and 
status signaling module 326 ma> decide to transition from a cunem state of operation io a state 
of operation requiring fewer control resources and 'or requires less power. The module 32f> may, 
but need not, signal the state transition to the base sa itiom Status- contio! and status signaling 
module 32C- controls, among other things, die number of do wuhnk control channels monitored 
during each start of operation and, in various embodiments the rate at which one or more 
downlink control channels are monitored. 
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As part of ihe processes of controlling tta stale of the mobile node j4, and 
overseeing general signaling between lbs; Tnobiic node 14 and base Station 12. the signaling 
module is responsible for signaling to the base station 12, when the mobile node 14 first enters a 
cell and or when me base station 12 requests that The mobile node U indicate it presence. The 
mobile node 14 may use a shared communication resource to signal its piesenes to the cell's 
base station 12. while a dedicated communication tesonrce maybe used for other 
communication signals. e.g., uploading and downloading data files as pail of a communication 
session.. 

1'funsmissioD power control ami power control signaling module 322 is used to 
control die generation, processing and reception of transmission pov. or control signals. Module 
?22 controls the sigiialing used to implement transmission power control through interaction 
with the base station 12, Signals transmitted to. or received ttom die base station 12 are used to 
control mobde node transmission power ie\ els under d-rectii.ni of module *22 Power control is 
used by the base station 1 2 and the mobile nodes 14, 16 to regulate power output when 
transmitting signals. The base station 12 transmits signals to the mobile nodes which are used 
by the mobile nodes in adjusting their (ratismission powei output. The optimal level of power 
used to transmit signals vanes with several facto/s including transmission burst rate, channel 
condition? and distance from the base station 12, e g.. the closer die mobile node J - is to the 
base station 12. the less powet the mobile node 14 m-eds to use to transitu! signals to the base 
station 12. L sing a max .mum power output for all transmissions has disadvantage^ e.g., the 
mobile node 14 battery life ss reduced, and high power output increases the potential of the 
transmitted signals causing interference, e.g., with transmissions iu neighboring or overlapping 
cells. Transmission [xnver control signaling allows the mobile node to reduce and/or minhm.«- 
transmissioti output power and thereby extend battery hfe. 

liming control ar<d timing eonuol signaling mcdtik 324 ? « lKt d f 0i t.^nig and 
timing stgiM mg Timing cuntiol is used in wucless nctwotkmg sebeme,^ such <t*, e g those 
with uplinks based on orthogonal frequency division multiple access. To reduce die effects of 
noise, tone hopping may also be used. Tone hoppmg may be a function of time w rth different 
mobile nodes being allocated ditTemrf tones dining different symbol transmission time periods, 
ceii-nfoi to as symbol times. In order for a base station 1 2 of a multiple access system to keep 
track of, and distinguish between, signals from drfWm mohiie nodes, n is desirable for the base 
>UV.on 12 fo rwcnv mfonuatmu hum ihf mobile nodes in a sync! iomzed manner A dtift ot 

IS 
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timing between the mobile node 14 and the base station V2 can cause transmission interference 
snaking it difficult for the base station m distinguish between symbols transmitted by different 
mobile nodes, e.g.. using the same tone, but during different symbol time periods or using 
different tones but during the same symbol time period. 

For example, the effect on a mobile node's distance from the base staiiou is a 
factor since transmissions from mobile node that are farther from the base station 12 take longer 
to reach lite base station 12. A iate arriving signal can interfere with another connection that has 
hopped to the late arriving signal's frequency in a latter time period, hi order to maintain 
s\rabol timing synchronisation, it is required to instruct a node to advance or delay its symbol 
transmission start time to take mto consideration changes in signal propagation time to the base 
station. 

Data and data signaling module 32S is used to control transmission arid the 
reception of payload data, e.g., a channel or time slot dedicated to the mobile node tor signaling 
purposes. This includes, e.g.. die data packets of an Internet file transfer operation. 

In accordance with the present invention, the mobile node 14 can be in one of 
four states. The signaling, power, and communications resources required by a mobile node will 
vary depending on the sate in which the mobile node is operating. As a result of using multiple 
states in the mobile nodes, the base station 12 is able to allocate different degrees of 
communication resource, e.g., control and data signaling resource, to different mobile nodes as a 
function of the node's stare of operation Tins allows the base station 1 2 to support a greater 
number of mobile nodes than would be possible if all nodes were continuously in the on state. 
The particular suite that the mobile node 14 is in determines the control signaling and data 
signaling modules that arc executed at any given time and also die level of control signaling 
between the mobile node and base station 12. The mobile node 14 can also take advantage of 
the different activity level in different states io save power and extend battery iiie. 

Operation of the mobile nodes 14 in different states., in accordance with the 
present invention, will now be explained with reference to figures 4 and 5. Fig. 4 illustrates a 
state diagram 400 including four possible states, an access state 402, a on state 404. a hold state 
410 and a sleep slate 408, mat a mobile node 14 can enter. Arrows are used in Fig. 4 to illustrate 
the possible transitions between the four states. 
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Fig, ^ ilhist-atos the mobile node modules 1V12, 324, 326, "*28 that t ^e m the 
various states shown in Fig, 4. Each row of the chart 500 corresponds to a different state. Hie 
fust through fourth rows 502. 504, 506, 50S correspond to the sleep ssate, access state, on state, 
and hold state, respecUveh , tfach column of the chart 500 eonesponds to a dn'Ierent module 
within rhe mobile node 14 Fot example, the first column 510 corresponds to iht transmission 
power control and power control signaling module 322, the second column 512 corresponds to 
the timing control and inning control signalmg module 324, the third column 5 1 4 corresponds to 
the device status control and statu? signaling module 326, while the last col man 516 corresponds 
to the data and data signaling module $2H, In Fig, 5, solid hues ate used to indicate modules 
which art active in a particular state, Shor? dashed lines are used to indicate raodu.es which may 
transition from an inactive or reduced activity lc\ el to a fully acth e status before the access state 
is exited, assuming the modules are not already iully aahe. Long dashed lines are used to 
indicate a module which maybe active m a stale but which may perform signaling at a reduced 
n.ue while in the indicated state as opposed to iht signaling rate iitiplemetncd in the on .state. 

From Fig. 5 it can he seen that during the sleep state the de\ ice status control and 
status signaling module 326 remains acthe but the other module? are inactive allowing for 
power conservation and a oigrhikatUly restricting mobile node activity. In the access state 402, 
which senes as transition state, transmission power enmro) and puwer control signaling module 
322, amine eonnol and thnmg control signaling module 324 w ill become fully aetn e (or aetn c 
at a reduced rate in the ease of the transmission power control and power control signaling 
module 3?2 m some embodiments t prior to leaving the access state 402 ro emei the on-state 404 
or held state 410. in the or-statc. ail signaling modules 322, 324. 326, 32S arc fully active 
requiring the most power horn the mobile node's perspective and the highest allocation of 
communication icsomces eg , bandwidth, from the base station's petspei m t In the hold state, 
transmission power control and power control signaling module 322 may bo inach\e or active at 
a much reduced signaling rate, liming control and timing control signaling module 324 remains 
alive as docs the device status control and status signaling module 326. 1 he data and data 
signaling module 326 is cither inactive or operates to implement reduced funehouahlv. e.g., 
recehe data hut not transmu data as part of a communication session between various nodes, hi 
this manner, the hold state allows bandwidth and other communications tesourees to he 
conserved while, in some cases, allowing the mobile node to recstvc, e g. s mnlti-oaM signals 
and/or messages . 
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Bach of the states, and potential transition between states, will now he described 
in detail with reference to the stale diagram of Fig. 4. 

Of the four states 402, 4*M. 410, 408, the on state 404 allows the mobile node to 
perform the widest range of supported communication? activities but requires the highest 
amount of signaling resources, e.g., bandwidth, in ihis state 404, which may he thought of as a 
"fully-on" state, the mobile- node 14 is allocated bandwidth on an as needed basis fur 
transmits ig and receiving data. e.g.. payload information such as tcx.t or video 1 lie mobile 
node 14 is also allocated a dedicated unlink signaling channel which it can use to make 
downlink channel quality report;?, communication resource requests, implement session 
signaling, etc. To be useful, those downlink channel qualify reports should be signaled 
sufficiently frequently to track variations in the signal strengths received by the mobile nodes 

During the on state 4«H. under control of module 324, the base station 12 and 
mobile node 14 exchange liming control signals. This allows the mobile node 14 to periodical!} 
adjust its transmission timing, e.g.. symbol timing, to take into consideration changes in distance 
and other factors which might cause the mobile node transmitted signals to drift uraing at the 
base station's receiver, with respect to the signals transmitted by other mobile node? 16. As 
discussed above, ihe use of symbol uraing control signaling is employed in many svstcnis which 
use orthogonal frequency division multiple access in the uphnk. to avoid interference from 
transmission signals generated by multiple nodes m the same cell 1 0. 

lo provide transmission power control, daring the on state 404, transmission 
power con tK'l ^guahng j\ unplo\od, uudet ditecron of module " ? 22, to pre\uL a H.c<1r\Kk 
mechanism whereby a mobile node is able to efficiently control its transmission power levels 
based on signals periodical!} received from the base station with which it is communicating. In 
tins manner, a mobile node 1 4 can increase and/or decrease its transmission power to pixw idc for 
successful receipt of signals by the base station 12 without excessive wastage of power and 
tbcieion; t educed heitien life. The power lOniro) signaling h eanied out sufficient > fr oquenth 
to track variations m the signal strength between the base station 12 uod the mobile nodes H. 16 
for a eeitain miniroum char.nel coherence time '\ he power control imeival is a function of 
chuunel coherence lime. The power control signaling and the downlink channel quality reports 
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are of similar time scale, and in general, occur at much higher rate than ihe timing control 
sickling required to suppott vehicular mobility. 

From the on state 404. die mobile, node 1 4 can transition into cither the sleep state 
408 or the hold state 41*}. Each of these stales requires reduced eoirumunieruion resources, e.g., 
bandwidth, to support than does the on state 404. The transition may be in response to aser 
inpsit, e.g., a user terminating a communications session or m response to ihe loss of 
communications tcsourees, e.g., bandwidth required to support the n admission and or receipt of 
information to bo communicated such as \oiee ordain information 

In accordance "with rhc present invenuou, in ihe bold state, a mobile node is 
denied bandwidth for transmitting pay load data Howca en timing control signaling is 
maintained and the mobile node is also allocated a dedicated uplmi communication resource 
which it can use to request changes to other states. 1 his allows for instance a mobile node to 
obtain additional communications resources by requesting, a transition to on state where u could 
transmit payload dau. Maintaining timing control during the hold state 410 allows the mobile 
node 14 to transmit its uplink requests without generate.!;.' tmcrfciencc to other mobiles 16 
w ithtn the same cell 1 0, Having a dedicated resource for transmitting requests to the base 
station \Z also helps enstue that the dela\s for state transition are minimal as these requests do 
not collide with simdai requests from other mobiles 

From the held state 41 U, the mobile node may transition into the on state 40-4, 
e.g., upon being granted a requested commutuedtion resource Alternatively the mobile node 
can transition into ihe *deep .state 403, Smco timing control signaling is maintained in the hold 
state 410, when the mobile node transitions to the on state it can transmit data without much 
delay, e.g , as soon as the requested bandwidth is granted, w dhout concerns about creating 
rtuet leruice to the tiphnk nansrusstou oi othtj mobile rodesin the cell which eotdd KMilt ttom 
a timing drift of me mobile node. 

Dnring the hold sunt- 4 1 0. transmission pew ei control signaling may be 
discontinued or performed at greatei intervals, t- g„ at a similar rate at> timing control, hi this 
mannu tlitr resouiee, e g . base Nation to mobile node control tosomce. aaed for tranMtussion 
power control signaling can bo oiiminaied or less resource can be dedicated to this purpose than 
would be possible if power control signaling for all nodes 14, \<> in the hold state was petfonued 

W 
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at His same rate as in the on stale. The mobile nodes 14, J 6 transmission poww control updates 
are performed in the mobile node dunng the hold state at a reduced rate or wot at nil hi a manner 
whkh corresponds to the reduced transmission power control signaling. When transitioning 
from the bold state 410 to the on stoic 404, the mobile nude 14 may sun off with an initial Ui^h 
power ic\ el to insure that its signals arc received by the base station 1 2 The power )e\ el is then 
reduced ouco transmission power control signaling resumes at a normal (fulf) rate as part of on 
sate operation, 



Tumsition from hold state can be initiated by base station or by the mobile nodes. 
The base station may initiate a transition by sending a page en er a paging channel meant for the 
hold state useis. In one embodiment, the mobile decode the paging channel \\i\h some 
prearranged periodicity, to check for ba.se slatton messages On finding a page message meant 
tor it, it respond? with an acknowledgement, hi various embodiments the ackno* iedgement is 
transmitted ovci a shared resource on the upiinL and is slaved to the page- or grant message on 
the downlink. The mobile node 14 respond* to a state change message by moving to the 
assigned state specified m the received state change message. 

In one embodiment, when (he mobile node 14 intends to migrate from the bold 
Mate 410 to die on state 404 y it nansmius a state transition request using its dedicated uphnk 
communications channel winch is not shared with any other mobile nodes 1 6 Since the 
channel is not shared, the base station 12 is able to rceeh e the request without interteicnet and 
promptly grant the request a^-imuig the required resources ate auulahle tokmtj mto aeeoim; the 
priority of the user <nul/or the applications that the user may be using I he mobile tvi receiving a 
grant message meant for it, respond? with an. aritnon ledgciueut The acknowledgment is 
transmitted over a shared resource on the uplink and is slaved to the grant message on (he 
downlink. 



in one exemplary embodiment, when the mobile node does not intend to migrate 
to another state from the hold state, trie mobile node mav not hxiamn any signal m its aeakatecl 
uplink communication i ©source, though the dedicated resource has been aligned to :he mobile 
node and therefore will not be used by any other mobile nodes. In this case, the mobile node can 
temporarily shin down the transmission module and related functions thereby conserving power. 
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in another embodiment, the mobile node uses an oiv'off signaling in its dedicated 
uplink communication resource, where the mobile node sends a fixed signal (on) when it intends 
to migrate to another state or does not send any signal {off} when n duas not intend to migrate to 
any other slate, Tu this case, the transmission of the fixed signal can be interpreted as a 
migration request to the on slate if the transmission occurs at certain time instances and as a. 
migration request to the sleep state if (he transmission occurs at some other time instances. 

In order to provide reachability for a large number of mobile nodes 14, to. the 
sleep state 41*8, requiring relatively few communications resources, is also supported. The 
mobile node 14 can transition into the sleep state 40S, e.g.. in response to user input, a period of 
inactivity, or a signal from the base station 12, from any of the other supported states 404, 404, 
410. 

in the sleep state 408 the mobile node 14 may, at the behest of the base station 
12, serving the cell 10 signal its presence in the cell 10. However, little other signaling is 
supported during tins state 40? of operation. In the exemplary cmbodimetn, during the sleep 
state 40S, timing control signaling and power control signaling are not supported. In addition, 
die mobile node is not allocated a dedicated uplink for making resource requests and is not 
allocated bandwidth for use in transmitting payJoarf data, e.g., as part of a communications 
session with another node 16 conducted through, the base station 12. 

Transitions from the sleep state 4QS to another state 404, 410 occur by passing 
through access state 402, A shared (contention based), as opposed to a dedicated uplink, 
complications channel is used to contact the base station 12 to request resources necessary to 
transition from die sleep state 408 to another state 402, 404, 4 } 0. These transitions could be 
initiated by the base station on die paging channel or by the mobile nodes 1 4, ] 6. Since the 
communications ch.amtel used to request resources to transition from the sleep state is shared, a 
mobile node 14 may encounter delays hfcfb.ro being able to successfully transmit the resource 
request to the base station l_\ This is dee to possibk ujilnlons *tnh smnla; requests from othet 
mobile nodes. Such delays arc not. encountered in regard to transitions from the hold state 410 
to the on state due to the nso of a dedicated uplink resource for requests while i« the hold state 
410, 
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The access state 402 is a suite through which a node 14 m the sleep slate 40$. can 
transition into one of the othesr supported states 404, 410. The transition out of the sleep stata is 
normally triggered, by an action by a user of the mobile node J 4, e.g.. an attempt to transmit 
data to another mobile node 16 or by the base Marion 12, Upon entering the access state 402. 
transmission power control and timing control signaling has not yet been established. During 
access state operation, timing control signaling is established and, in various embodiments, fill] 
or partial transmission power control signaling is established with mobile node transmission 
output power lesels being adjusted accordingly, A mobile node can transition from the access 
state 402. hack to the sleep state 40$ or to either the on state 404 or the bold plate 410. 
Transition to the sleep slate 408 may occur, e.g., m response to a user canceling a transmission 
request or a base station 12 denying the node the resources required 10 complete the transition to 
the iiold or on states 404, 410, Transition from the access state to the on state 404 or hold state 
4 I 0 normally oeeuis once the mobile node 14 has restored power and liming synchronization 
signaling with, the base station 12 and lias been panted the eonumimeauon^ resource or 
resources required to maintain the state into w-hich the mobile node 14 is transitioning. 

The establishment of the timing synchronization and ti emission power control 
signaling, in the access state 402, can take some amount of lime dining which tula transmission 
is delayed. Furthes-raoie, as noted abme, delays may tesuil form the use. of a shared resources to 
request the transition which can produce contentions between mobile nodes nhieh lake tune to 
sesolve. hi addition, because of the us*, of shared resources in requesting a state transition, it is 
difnetth (o prioritise between different nodes requesting state transition 

In ^om^ embodiments, tot an nidnidua) cell 10, the mc\nnum mitrtbu of mobile 
nodes 14. 16 that can be in the sleep state 408 ,it any given time is set 10 be greater than the 
maximum number of mobile nodes 14, 16 thai e<m be in the hold state 4 J 0 at given time. Lu 
addition, the maximum number of mobile nodes 14, lo which can be m the hold state 410 at any 
gh en rime is set to bo greater than the maximum number of" nodes mat can be m the on state 404 
at any gi ven rime. 

By supporting a hold statu in accordance wish the present invention, m addition to 
a sleep state, seen delays can be avoided for a number of mobile nodes 14. 16, as transition from 
the hold state 410 to the on state 404 does not go through the access state, while the number of 
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nodes which can be supported by a single base station 12 is larger than would be possible 
without the use of the reduced signaling bold state, 

from a power standpoint it is desirable thai {be anaount of time and thus power a 
mobile node spends monitoring for control signals be minimized. In order to minimize the 
amount of time and power a. mobile node spends monitoring for control signals, at least some 
downlink control signaling, i,e., signaling £rom the base station to one or more mobile nodes, is 
performed using multiple control channels. In one; embodiment of the invention, particularly 
well suited for use with mobile nodes capable of supporting multiple stares of operation, a 
plurality of control channels are provided for communicating control signals from the base 
station to the mobile nodes. Each of the plurality of common control channels is divided into a 
number of segments, e.g., time slots, where each segment is dedicated, e.g., assigned, for use by- 
one or a group of mobile nodes, in this case, a group of mobile nodes may be, e.g., a subset of 
the mobile nodes in the system which correspond 10 a multicast message group. In such an 
embodiment the control channels are common to multiple nodes, but each segment of a channel 
is dedicated, e.g„ corresponds to. a particular one of the mobile nodes or group of mobile nodes 
with other mobile nodes being excluded from using the dedicated segments, The dedicated 
segments of a common control channel corresponding to an individual mobile node represent a 
dedicated control channel allocated to the individual mobile node. 

The pattern of control channel segment allocation is made known to the 
individual mobile nodes 14 5 16 in a cell, e.g., based on information transmuted to each particular 
node 14 16 from the base station 12> 

To provide particular!} efficient control channel signaling, base station 10 mobile 
node control signalim: may be performed at sevual JiSetenr rate:?, wuh a diffoetn control 
channel being used for each of the different control channel signaling ?ates. 

hi order to minimise the amount of power arid resources consumed by the task of 
monitoring control channels for information relevant to a mobile node, each mobile node need 
only monitor to detect signals in control chsjxxsl segments assigned to the particular node. This 
allow the mobile nodes to schedule control channel monitoring operations so that the control 
t-hanocls need no t be monitored on a «\amnuo>»s basis whde sfdl allon trrg the mobile nooes to 
receive control signals in a timely manner, 
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In one embodiment which is particular!}* veil suited for use where mobile nudes 
thai support ar least an on .stale, a hold state and a steep stale, three differeui segmented control 
channels are used. The three control channels inelnde sr. assignment control channel, a fast 
paging control channel, and a si on paging control eharnel 

The mi paging conlf o\ channel and slow paging control channel are periodic in 
nature, e.g., control signals art not transmuted m terms of time on a continuous basis in these 
channels. 1 has. mobile nodes need not spend power and resource^ monitoring these clinch 
on a continuous basis In some embodiments, to rurther reduce the amount of time and pun er a 
mobile needs to spend monitoring the fast and slow paging channels, die channels are segmented 
and the segments ate dedicaiod to particular mobile nodes or groups of mobile nodes 

in enter to minimize the amount of power and resources consumed by the task of 
monitoring control channels for information relevant ic a mobile node, each mobdc node need 
only monitor to detect signals in the fast and skw paging control channel segments assigned to 
the particular node This allows the mobile nodes to schedule control channel ruonitonng 
opciaoons o thai die wri d channels can be tnomfoiel on „ less h apian ba^ man wouul K 
possible if all segments need to be monitored for control signals. 

Fit-. b illustrates control signals o02, 'CO, oiO eonxsponding 10 esemplary 
a»Mgn lent, tast pacing and ,-dow ^agmg downing eonuu! channels 1 rcspecineh The fast 
paging com/ol channel signal MC is dh tded mto a plurality of segments e.g.. I ms time slots. 
Tiansmissiou m the assignment channel occurs, in the Fig, o embodiment, on a continuous! basis. 
For each time slot, there is a corresponding baffle channel segment or .segments Iiafflc 
channel segments are allocated by the base station. 13 to mobile nodes 14. 16 bv transmitting a 
mobile node identifier or mobile node gioup identifier m a time slot in indicate that the 
corresponding traffic segment or segments have been assigned tor use to the mobile lindens) 
corresponding fo the transmuted identifier. Whs le in the on state- mobile nodes U, 1 0 monitor 
the assignment channel on a continuous basis, e.g.. at a rate sufficient lo detect the identifier 
included in each segment of the control channel used for traffic assignment purposes. 

During the on state, m addition to the assignment channel each mobile node 14, 
16 monitors the periodic last paging and slow paging channels. 
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In Fig. 6, fast paging signal 620 can bo seen to be peuodtc in nature Rack 
exemplary fast paging signal period 622, 62ft, 230, 634 is 10 tm m duration. Hon over, of this 
W ms period. the fast paging signal is acksaliy transmitted for only a fraction oi the full period, 
e g„ 2 ms. The period? 62^, ft2", 631 , e>35 in which the Cast paging sign.il is tiaasnutted are 
segmented into time slots. The remaining portions 62-*. 628, 632, 636 represent portions of time 
in x^ hieh the fast paging control signal is not bioadcust by the base station 12. While only two 1 
ms segments are shown m each fast paging ok period 623. 627. 0 3L o35 it is to be undci stood 
that there are normally sex era! segments per on period. 

'lo ioduce the amount of time mobile nodes 14. 16 need monitor tor fast paging 
control signals fast paging eontiol channel segments are m some embodiments, dedicated to 
indtviduaJ mobile nodes or groups of mobile nodes The information on which segments Ate 
dedicated to which mobile nodes is normalh conveyed to the mobile nodes 14. 16. e.g., form the 
base ^anoo V Once dk cedtcduon m oimauo*> is knonu th_ .nobde nodes 11 U> can Inmt 
their monitoring of fast paging channel segments to segments which are dedicated to them. In 
such embodiments, mobile nodes eati monitor the fast paging channel at periodic intervals 
greater than the fast paging period \s tthonf risking missing control informal ion transmitted to the 
mobile on the fast paging channel. 

The segments of the fast paging channel ate used to convey informations e.g„ 
eoiTtrnandr, used 10 umttol the mobile node to transition between states. 1 he segn^m^ .*£ the 
last paging channel can also be used to instruct the mobile node to monitor the assignment 
channel, e.g„ when the mobile node is in a state which .sas caused n to stop monikvmg the 
assignment channel. Since the mobile nodes of the system know which segments of the fast 
paging channel are assigned to them, commands max be included in the last paging channel 
segr ttnth \- tt^out mobile n >de idcnhiicts m?kmg io* .as eHctent ♦i.mvTiiPMan scheme 

The slow paging channel 1? segmented and used tif eomoy information m the 
same manner as the fast paging channel. The information conveyed using the slow paging 
channel may be the same a.s, or similar to, the txuormahon and commands that are trsjjtismitttd 
using the fast paging channel 
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In Fig. 6, signal 63(5 represents an exemplary slow paging channel signal. Note 
that the full slow paging signal period 632 is longer than the- paging period 622 of the fast 
paging channel. Reference numbers 631 and 634 are used in Fig, 6 to show portions of a slow 
paging period. Given that the slow paging period is longer than the fast paging period, the tune 
between control signal transmission in the slow paging channel tends to be greater than in the 
fast paging channel This means that the mobile nods may discontinue monitoring the slow 
paging channel tor longer intervals than is possible with the fast paging channel. It also implies, 
however, that it may take, on average, longer for a control signal transmitted on the slow paging 
channel to be received by the intended mobile node 

hi Fig. 6, two slow paging signal transmission on signal periods 640, 642 are 
shown. Signal periods 639, 64 !., 643 correspond to slow paging channel signal periods during 
which no slow paging signal is transmitted. 

Since the fast and slow paging channels arc period in nature, if the transmission 
on periods are staggered so that they do not overlap, the last and slow paging channels may be 
implemented using the same physical transmission resources, e.g., tones, with the tones being 
interpreted as corresponding to either the fast or slow paging channel depending on the tunc 
period to which the tones correspond. 

The spacing between segments allocated to a particular mobile node in the slow 
paging channel are often, bat need not be, greater than in the fast paging channel. This generally 
means, in terms of time, that a mobile device needs to monitor the slow paging channel at 
intervals which are more widely spaced than the intervals at which the fast paging channel is 
trionuned As a result of the greatct spacsn.' of uV segments in tK siov\ paging channel, pow ei 
required to monitor this channel is normally less than that required to monitor the fast paging, 
channel. 

In accordance with one embodiment of the present invention different numbers of 
downlink control channels are; memtored in different states. In such embodiments, the 
assignment, fast paging and slow paging channels are not monitored in all states. Rather, tn the 
on state the greatest number of downlink control channels aie monitored, fewet downlink 
control channels are monitored in the hold state and the lowest number of downlink control 
channels are monitored is the sleep state. 
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Fig 7 shows a table 700 which illustrates the threa exemplary bast; station to 
mobile node (downlink) control signaling channels and ihe eotrespondmg fnm exemplary 
mobile node states of operation discussed above, hi the tabic 700. a check is used to show 
control channels which are monitored tor a given state while an X is used fo indicate a control 
channel which is not monitored A dashed check is used to show a control channel which may 
not be monitored during a portion of the time m that state but is monitored for at least a poition 
of the time in the state. 

Front fig. " the first row 102 corresponds to thy on state, lite second sva "04 
corresponds to the access state v the third rev* 706 corresponds to the hold state and the fourth 
row 708 corresponds to the sleep Ptate, Columns m the table 700 correspond lo different 
segmented coulioi ehaniids. Ihe first column 710 corresponds to the assignment channel, the 
second column 7 I2 corresponds to the last paging channel, while the? third column 7 14 
corresponds to the slow pacing channel 

As can he seen from the table "0u. while in the on state a mobile node U, io 
monitors the assignment channel. fast paging control channel and slow paying control channel. 
For a portion of the access state, which reptesenis a transition berw ecu the on state and either the 
hold state or the skep state, the assignment and fast paging channel? ate monuoicd The slow 
paging channel is monitored tot the full period of tame the mobile node remains in the access 
state. As discussed above, monitoring of the fast paging and slow paging channels requires a 
mobile node to be activch engaged in monitoring on a periodic, as opposed to a continuous., 
basis. 

While m the hold stale, the assignment channel is not monitored. Howc\ er„ the 
Fabt paging channel and slow paging vharml are mom tyred Accoidtnsjlv, a mobile node in the 
hold state can be instructed to change states and or monitor the assignment channel lor tr&fuc 
channel segment assignment information in a relatively short period of time. 

In the sleep state, of the three control channels shov. n w Fig. 6, only the slow 
paging channel is monitored by the mobile node. Accordingly a mobile node 1 J. 16 tn the hold 
statt can he mshucied to rh.mge states aud <« mumto. the assignment cnanne for tnffic channel 
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segment assignment mfarmation but such instructions may take longer to be detected,, on 
average, than -when in the hold state. 

By decreasing the number of control channels that are monitored as operation 
proceeds from the on state to the iess active sleep state, mobile node monitoring and processing 
resources!, and thus power consumption, can be effectively controlled. Thus, the sleep state 
requires less mobile node resources, including power, than the hold state. Similarly, the hold 
state requires less mobile node resources, including power, than the on state, 

Mobile node transitions from active to iess active states of operation may occur in 
response to commands to change states received from a base station. However, in various 
embodiment.!" of the invention such transitions are also initiated by mobile nodes 14, 16 in 
response to detecting periods of downlink control signal inactivity or reduced activity pertaining 
to the mobile node, 

in one embodiment of the invention, activity relating to a mobile node 14. 16 on 
the control channel which will cease to be monitored if the mobile node reduces its state of 
activity by on.? level is used to determine when the mobile node should, on its own. switch to the 
lower activity level state of operation. For example, in the case of the on state, a mobile node 
monitors the assignment channel for signals directed to it. When tailing io detect signals on the 
assignment channel for a preselected period of time, or a reduced message level for a penod of 
time, die mobile node 14, 16 switches from the on state to the hold state and ceases to monitor 
the assignment channel. 

While in the hold state, the mobile node 14, 16 monitors the fast paging channel 
for actmty to determme. among othei things, if it should switch to a \qw er acto.-h\ sfjte of 
operation, e.g.. the sleep state, When failing to detect signals for a preselected period of time, or 
a reduced signal level for a period of time, die mobile node 14, 16 switches from the hold state 
to the sleep state and ceases to monitor the fast paging channel. 

I vug the *bo\ <- discussed methods raomto 1 mg signal processing <tna p <w cr 
resources can be conserved in a mobile node 14, 16 through the use of multiple states of 
operation and through the use of multiple segmented control channels. In addition, limited 
eontici iCiou cos. e g b^dwidtb used for eommumearmg control ruormatirr f i» \ abase 
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station >c a mobile node, is used efficient!) us & result of using multiple control cli&nncK e.g., 
segmented control channels of the type described above. 

Xanierons variations on the ubove dewnibed methods and apparatus win be 
apparent in one of ordinary skill b the an in view of the above description of the invention. 
Such variations remain vs >thin the scope of the invention. 
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1 . A f onumm<catioas method, the method ociuprismg . 

operating a first vrreicis terminal at different ti in es. in each one of ihree 
different operational sUcs. the thiee different operational states including a first state, a second 
state and a third state, 

wherun operating the first Wireless temunai m the first state includes using a first 
amount of a control communications rasomoeto coraiounicait* control information between said 
first wirdess terminal arid u base station and performing, using some of saul iJrsi amount of it 
control communications resource, power control signaling at a first rate, 

v\ heroin npeiaun$ the first wireless terminal in She second slate includes using a 
second amount of the control communications* resoutoe to communicate conliol information 
between said first tireless terminal and the bast nation and using some of said second amount 
of the control communications resource to neiform power coiitroi signaling at a second rate, the 
second rate being lower than said fnst rate; 

whertin operating the mst wireless terminal in the third state includes using less 
of the coutiol coinn-mmeatioas resource than is used by Hie fnst wireless terminal in either of the 
first or second states, and 

operating the first wireless terminal to transition fi-om one of said first and second 
stares to said thud state, the step of transitioning from one oi said iirst and second states to said 
th rd s f aie rut {tiding leduung the rate ut pov.tr eontiol M^u^im^ , 

2. The cv-wni unieanens method of claim 1 , v, herein operating the first tireless terminal in 
the first state to use a first amount of a control communications resource includes. 

operating the first wireless terminal to perform timing conhol signaling 



3. The method of claim I . timber comprising: 

operating the first wireless terminal io toammon from the iir^t slate io the second 
state, said transitioning including reducing the rate of power control signaling performed by sa:d 
first wireless terminal 



31, 



4. The method of claim 3, wherein the step of reducing the rate of power control signaling 
when transitioning from one of said first and second states to said third state includes ceasing to 
perform power control signaling. 

5. The method erf claim 4, further comprising; ceasing to perform timing control signaling 
when transitioning from said first state to said third state. 

6. The method of claim 3> wherein reducing the rate of power control signaling operations 
includes performing transmission power control update operations at a greater interval than 
transmission power control update operations were performed in said first state. 

7. The method of claim 6. wherein transitioning from the second state to the third state 
includes operating the first wireless terminal to cease performing transmission power control 
update operations, 

S, The method of claim 2 5 wherein timing control update operation are performed in said 
first state but not in said third stale, the method further comprising the step of: 

operating the first wireless terminal to transition from said third stale to one of 
said first and said second states, the step of transitioning to one of said first and second states 
including resuming transmission timing control update operations. 

9. The method of claim 8, wherein operating the first wireless terminal to transition from 
said tbiixi state to one of said first stare and said second state includes operating the .first wireless 
terminal to resume transmission power control signaling operations. 

1 0. I he method oi\Lmn % w hereu operating the fif M u ijelev* terminal to i^ume 
transmission timing control signaling mcludes: 

transmitting a request to the base station for the allocation of communications 
resources required to perform transmission timing control signaling. 

1 1 . The method of claim 1 0, wherein transmitting a request for communications resources 
required to perform transmission timing control signaling includes: 

transmitting said request using a shared segment of a communications channel 
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1 - - The method of claim 1 1 , further comprising: 

operating she first wireless termini to transition irora said second state to said 
iirsi state, the step of irartsiiioning from said second sye to said fust sufo including transmitting 
a request Tor a dedicated communications source that can be as^l to tiansrah data to be 
eommatmcattd ro said base ststkm. 



1 X The method of dann l >. wherein operating tiu first wireless terminal to transmit a request 
for a dedicated cominuincahons rcsouice that can be used to transmit data includes transmitting 
the resource request to a base station using a dedicated resource request uplink assigned to the 
first witc-ltss tcnnmal 



14 The method of claim ! , whetein said control communications resomee is control 
signaling bandwidth used for eoiranuuicarmj/ control signals between scud base station audit 
plurality of wireless terminal? seized by said base station. 

15, The method of claim i 4. wherein said first state is as t on suite, said second state is a hold 
state, umi said third state is a skep state, the method further comprising: 

operating the firs! wireless terminal to transmit and receive data as part of a 
et immunisations session with anothw terminal dm 1% at kast a po? hon of said on sUte 

16. The method of claim 15, further comprising- 

operating the first wireless terminal to reeeh e data from another terminal during 
at least a portion of said hold state without transmuting dau at any time- while operating in said 
hold state. 



1 ?. The method of claim I tx \\ herein operating said first wireless terminal m said sleep state 
includes controlling said wireless terminal so thai data conx-spoudiug to a communications 
session is neither transmitted from said first xvirek'^s terminal or received by said first wireless 
terminal during a«y portion of said sleep state. 



iS. fiie method of claim 1 , wherein said first state is an on state, said second state is a hold 
state and said third state is a sleep stare, die method further comprising. 

operating a second wiiek-ss terminal, at diffuent rirocs, in each one of said on 
state, .said hold state ami said sleep state; 
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therein operating the second wireless terminal m the on state include? using a 
founh amount of control communications bandwidth to eoinrnurac.au> control information 
between said second wireic^ terminal and said base station; and 

wherein opctafmg the second wireless tormina) m the held state includes using a 
f'fth amount of die contn)\ communication? batfJwullb to communicate control mfonn.it'on 
between said second wheiess terminal and the base station, the fifth amount of control 
communicjtious bandwidth being less than the fourth amount 

1 9 The metnod < u claim I S, tm the^ comprising 

upetaiin : the second v. irclt«s terminal to transmit and rt,eeh e data as part of a 
communicator* session wiib another ferrnmal durmg ai least a portion of time duiing whirh 
said second terminal is operated in i>aid on state. 

20. The method of c laim ! 9, further comprising: 

operating the second wireless terminal to receive data from another terminal 
during at least a portion of the time said second wireless terminal is operated in said hold state 
without transmitting data at any time while operating said second wireless terminal in said hold 
state. 

21 , The method, of claim 20, wherein operating said second wireless terminal in said sleep 
state includes controlling said second wireless terminal so that data corresponding to a 
communications session is neither iraj.isunr.ted from said second wireless terminal or received by 
said second wireless terminal during any portion of time said wireless terminal is operated in 
said sleep state, 

,22 The method of elatm to, 

whetem said data to he transmitted as pan oi'a communications session includes 
IP packets at least some of which inehide speech data; and 

wherein said second wireless terminal transmits said IP packets to <aui base 
stanon using oi thot'onai frequency division multiplexed signals. 

23 The method of cku m I , <a herein operating the wnelc&s terminal m the aucond state 
includes transmitting a control signal to initiate a st.ttc change using a dedicated uplink 
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coinrm«ncations resource said state change control signal transmit 
to the use of the dedicated connmoneations resource. 



per n&nanum 
~6son being contention free due 



24, Thy method of e lami 23, wherein operating the wirtless terminal m sa id second suite 
nnther include; 

transmitting a state change transition message o\er a shared downlink 
comnmmiahons resource monitored by multiple wireless terminals for state ttansidon eorarnl 
messages 

-5. fK method of claim 24, whemfi said first state is an on-state, s<ud second state w a hold 
state and said third state is a sleep shite, puv « control signaling betng performed b\ said 
tireless terminal in the hold state at a lower n;te than in said ou state, ,?cro povur eontrol 
signaling being performed by .vdd wireless terminal m the sleep slate. 

2t». The method nf claim 25, wheieiu said wireless terminal does not perform timing control 
signaling in said sleep state 

~7 The mdhod of chum I , 

whercm said first stare is an on state, said second state is a hold state and said third state 
is a sleep state, 

therein said first wucicss terminal has dedicated contention free uplink and down linl 
resource request communications resomees available in said on state. 

wherem said firs! wireless terminal has a dedicated contention free tipiiiA resource 
requesi communications resource available m said hohi state and a shared contention signaling 
hftot'd downlink resource request eormmioieatiom- resource available in said hold stale, and 

therein said first wireless tetmmai has neither n dedicated contention free uplink 
resource request communication* resource nor a dedicated content iree downlink resource 
lequest communications resource in said sleep state. 

J he metliod ol'cUdm i , wherein state transitions .ive performed as a ftmciwn of the 
quality of service level to be provided to said witele.^ terminal 

29. The method of claim 28. wherem statu transitions dre performed as a function of met 
activity. 
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30. The method of claim I , whu'em transitioning from said on<_ of said first and second 
slates is a function of uset <kta aem itv. 



3 \ . The method of claim 1 ? 

wherein operating said wiieless terminal in said third state includes using a first 
set of communications resources; 

wherein operating said tireless terminal in said second state includes using the 
first set of communications resources used m said in third slate and a second set of 
eomrmniieations resources; and 

wherein operating said wireless fcenninal in said first state includes using a third 
set of communications resources in addition to said first and second sets of communications 
resources. 

32. The method of claim 3 1 , wherein said first, second and third conuvanneailous resources 
each include communications channel segments used by said first wnekss terminal. 

33. The method of claim U wherein operating said wireless terminal in said first state and in 
said second state includes: 

communicating timing control signals between said base station and said wireless 
terminal. 

34. The method ot thm\ 33, whweiu tnnmg control sjgnals are communicated ootween s.,iui 
base station and said wiieless tejnmud dnmig said fust state at a rate that t • it lead as Ds- «c* the 
rate at w hich tnrm^ control signals ate com numcated between said bas^ st .tio.r and said 
wireless terminal during said second state. 

35. The method of claim 33, wherein the rate of communicating timing control signals in 
-said frst ;j + atf doe-- not txeod Hit rrtf^ of ct»mmnme,i v mg powc eonuol sjgrw s », \tud fit si 
state. 

36. The method of claim 35 s wherein the rate of communicating timing control signals in 
said second state does not exceed the rate of communicating power control signals in said 
second state. 
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37. Hie method of claim 1 , wherein operating said wireless terminal during said hold state 
includes: 

receiving downlink signaling, other than timing control and power control signaling, 
usmg a communications channel which is monitored by multiple wireless terminals for dais. 

38. The method of claim 37 ? wherein said shared communication resource is a 
communications channel, wherein said downlink signal includes text information transmitted to 
■multiple wireless terminals. 

39. The method of claim 1 , wherein operating said wireless terminal in said third state 
includes using a common uplink signaling resource to transmit a signal used to initiate a state 
change. 

40. The rneihod of claim 3.9. wherein using said common uplink signaling resource to 
transmit a signal used to initiate a state change includes performing contention based signaling 
as part of a process of transitioning from the third state to one of the first, state and the second 
state, 

4 i . The method of claim 1 , wherein said method further includes operating a base station 
included in the same cell as said Erst wireless terminal the base station allocating at least some 
downlink communications resources, used to commnnicaie data .from said base station to 
wireless terminals in said second state, said downlink communications resources used to 
communicate data being different from control communications resources used to control 
wireless terminal signaling activity. 

42. The method of claim I , wherein said method further includes operating a base station, 
included in she same cell as said wireless terminal to ai locate zero dedicated uplink data 
communications resources to wireless terminals in said second state, said uplink data 
communications resources being different horn timing control and power control 
communications resources. 

43, The method of claim i ; wherein said method further includes operating a base station, 
included in the same cell as said wireless terminal to control state transitions to provide different 
terminals in said cell with different levels of quality of service. 
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44< A method operating at least a tint wireless terminal the method comprising: 

controlling said first wireless terminal to operate, at different tunes, m each one 

of at bast three different operation! states, tbe three different operational states including an on 

state, a hold s>(3tt and a slee;i stale, 

vy herein operating the ihsf vureiess terminal in the on state includes 

communicating power control infonnation between said fust wireless terminal and a huse station 

-at a tlrst rats; 

wherein pov>er control information is not communicated between said base 
station mid said firsi wireless terminal while said fiist wireless terminal is operating in the sleep 
state; 

wnert-in operating said wireless? terminal in said hold state, includes 
communicating power control infonnation between said tirsi wireless terminal and abase station 
at a rate slower than said first rate, and using a dedicated uplink communication?; resomoc to 
transmit information to said bass station, said dedicated uphnk common tcations resource being 
10 addition to any pow er control signaling and timing control signaling comnnuiscation resource 
used by sani base station during said bold state; and 

transitioning from one of said three st-itcs to another one of said three states in 
response to a change is user activity. 

43, The method of chum 4-i whciein said information transnnued using said dedicated 
uplink comnmnteauous resource during said hold slate includes a signal used to initiate a state 
transition, said signal being transmitted contention free due to the use of at least one uplink 
communications resource segment dedicated to said wireless terminal for transmission of said 
signal. 

4 6. A eoinmimieat ions device including: 

control means used to control the communications device to; 

i) operate in an on state in which the communications device uses a first amount 
of control signaling resources for the communication of control information 
between, said communications device and a base station operating in said on state 
including performing power control signaling at a first rate; 

ii) transition the communications device from the on state to a hold state in 
which the first eonnmmieations device uses less control signaling resources for 
the communication of control infonnation between said device and a base station 
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than ib uwd ov tlu, communications dewo m the on anne said ttansmonmg 
including reducing the rate of power control signaling; and 
iif) transition the cornmtmieations device from said hold-state to a sleep state in 
winch tlie communications device uses less control signaling resources than {he 
communications device uses in said hold state, said transition from the on state to 
the bold stale including reducing the rate of power control signaling. 

47, The communications device of claim 46, wherein said control means controls rhe 
communications device not to perform paver control signaling during said sleep state. 

48. The communications device of claim 47, wherein said control means controls the 
communications dev ice to perform transmission timing control signaling operations, 
transmission power control signaling operations, and transmit data, during said on state. 

49. The communications device of claim 4S. wherein said control means controls the 
communications device, as pan of transitioning from said hold-state to said sleep-state, to cease 
performing transmission timing control update operations. 

50, The communications device of claim 4S, hiriher comprising: 

means for controlling the communications device to transition from said 
sleep-state to one of said on«state and said hold-state, wherein transitioning lo one of said 
ou-statc and said hold-state includes resuming transmission timing control update operations. 

5 1 . The communications device ol claim 46 : further comprising; 

means for controlling the communications device to transition from said hold- 
state to said on-state, wherein transitioning from said hold-state to said-on state includes 
transmitting a request for a dedicated communications resource that can be used to transmit data 
to be communicated to said base station, said request being transmitted contortion free by using 
a dedicated portion of resource request communications channel. 

52, A communications system comprising: 

abase station, said base station controlling the allocation of control signaling 
resources and data transmission resources to a plurality of nodes serviced by said base station, 
said base station controlling a first subset of said plurality of nodes to operate in an on state 



wherein nodes in said first subset are allocated data communication resources to transmit data 
and control signaling resources to perform a first level of control signaling, said base station 
further controlling a second subset of saij plurality of nodes to operate in an bold state wherein 
nodes m said second subset are allocated control signaling resources to perform a second level 
of control signaling which is less than said first level of control signaling; and 

said base station further controlling a third subset of said plurality of nodes to 
operate hi a sleep state wherein nodes in said third subset arc allocated less control signaling 
resources than nodes in either said first subset or said second subset, said base station allocating 
move power control signaling resources to a node in said on state than to a node in a bold state, 
said base station allocating more power control signaling resources to a node in said bold state 
than a node hi said sleep state. 

S3 Ihe coninnjnieations system of claim 52, wherein the system includes said plurality of 
nodes, the first subset of nodes includes means for performing transmission timing control 
signaling operations while in said on state. 

54. The communications system of chum S3, wherein the second subset of nodes includes 
means tor performing transmission timing control signaling operations and reduced rate 
transmission power control signaling operations while in said hold state. 

55 . The communieat ton system of claim 53 , wherein said second set of nodes includes 
means for halting transmission power control update operations when transitioning into said 
hold state from said on state, 

5o. The communication system of claim 53, wherein said third subset of nodes includes 
mea*.* T 0 t terminating tht n«w.mjwon ot timing co sitol si« when ttansit .arms uito sam 
sleep state from said hold state. 

5?. The system of claim 52, further comprising said plurality of nodes, fhc third subset of 
nodes including more communications devices than said second subset of nodes, 

58, The system o f claim 5 7, wherein the second subset of nodes includes more nodes than 
said first subset of nodes. 
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59, The system of claim 58, wherein said third subset of nodes do not per iorm transmission 
power control signaling operations. 

6(1 The system of claim 59, wherein said .second subset of nodes do not perform 
transmisstoft power control signaling operations. 

6L The system of claim 59, wherein said second subset of nodes perform power controi 
signaling operations at a rate which is tower than the rate at which nodes j« said first subset 
perform transmission power control signaling operations. 
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METHOD AND APPARATUS FOR MULTIPLE SUBSCRIBER ©ENTITIES IN A 
MOBILE COMMUNICATION DEVICE 

CROSS- REFE RENCE TO RELATED APPLICATIONS 
5 This application is related to the application entitled "Method and Apparatus 

tor Updating a Subscriber Identity in a Mobile Communication Device/"' Motorola 
case number CS222URL. filed on even date herewith and commonly assigned to the 
assignee of the present application. 

10 BACKGR OUND OF THE INVENTIO N 

I., Field of Invention 

The present invention is directed to a meiliod and apparatus -or multiple 
.subscriber identities in a mobile communication device In particular, the present 
invention is directed storing and accessing multiple subscriber identities on a 
15 subscriber module for a mobile communication device. 



2 . Description o f Rel ated Art 

Presently a mobile communication device may be personalized to a particular 
security module for security purposes. Such a security module may be a Subscriber 

20 Identity Mod ule (SIM), a User Services Identity Module (USLM). or any other security 
module. The security module can contain a single subscriber identity such as a code 
jmnp an International Mobile Sinscnbw identity (lMSf), ^ am vthcx subscribe: 
identify. The personalizaticm ts an anti-then" feature. When a mobile commumeauon 
d^fu \s peuotn hzed to ! f „jtiealat sean..\ m. Aik- HearmJaiot t<n>pu,m wrf 

25 auother security module, Tints, if the mobile communication device is stolen, the 
thief cannot use the mobile communication device with another security module. 
Wlnle thus does nut pievem the rrobile connnuivcation dc\ ice tiom hung stolen, U 
does make the mobile communication device less attractive to the thief. 

The mobile communication device can be personalized by storing the single 

30 subscriber identity of the current subscriber module tn the mobile co7nm.uuicat.ior3 
device and setting a personalization indicator to "on." Then, whenever & subscriber 
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module is inserted or the mobile communication device is powered up with a 
subscriber module in place, the single subscriber identity is read from the subscriber 
module and checked against the stored .subscriber identity, 11 there is no match, access 
to the mobile communication device junctions is blocked and the mobile 
5 communication device may only allow emergency calls to be placed from the mobile 
eommunicati on device . 

Unfortunately, typierdly a mobile comraumcjuon de\ ice may only be 
personalized to a single subscriber identity. Also, a subscriber module for a mobile 
corormiok-ation device cannot store easily accessible multiple subscriber identities, 
10 Additionally, a mobile eomnunneation device cannot easily access multiple subscriber 
identities on a single subscriber module. Furthermore, a .mobile communication 
device cannot personalize to multiple subscriber identities on a single subscriber 
module. Thus, there is a need for a method and apparatus for multiple .subscriber 
identities in a mobile communication device subscriber module, 

15 

The preferred embodiments of the present invention will be described with 
reference to the following iigures, wherein like numerals designate like elements,, and 
wherein: 

20 Fig. 1 is an exemplary block diagram of a system according to a preferred 

embodiment: 

Fig. 2 is an exemplar}' block diagram of a mobile communication device 
including a subscriber module according to a preferred embodiment; 

Fig. 3 is an exemplary illustration of a mobile communication device 
25 subscr iber module according to another embodiment; 

Fig. 4 is an exemplary ilowchart outlining the operation of a subscriber 
module and a mobile communication device according to a preferred embodiment; 

Fig. 5 is an exemplary message sequence chart outlining the operation of a 
mobile communication device according to another embodiment; 
30 Fig. 6 is an exemplary flowchart outlining the operation of the mobile, 

eenummication device according to another embodiment; and 



3 

WO MttfttNNBt MrtMmMfflmn 

Fig, 7 is an exemplary' message sequence chart outlining operation of die 
mobile communication device according to another e-mbodiment. 
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DE lAiLfcD DESCRIPT ION i)F i?RFVLRRED EMBODIMENTS 
The piesent dsseiosuie provides an apparatus and method fur updating a 
subscriber uleruify in a mobile connmmieation device. For cxpnvple, ihe present 
5 drsciosiue provides a method in h mobile comnmracanon dev Ire- having a single 

mobile communication device subscriber moauio including a plurality of suhicnher 
ideutitics I he method can include storing the plurality of subscribe identities o» the 
single rnooile concnumeanon device .subscriber module <md pexsoualn mg tht niobiio 
communication device to each of die plurality of i^bscuher identities I he method 

10 can also mtkidc updating tht; mobile oottsnunicanou device on a first network usmg 
a tjfet subscribe! nlcrniity, deieeuug a change of network eo\erage tu a second 
netwoiL atni swuchmc, an operational subscriber uknht) tiom tW fiist .\ubieriber 
identity to a second subscriber identity based on the change oi network eo\ ^age. 
UeioeUng a change can include detecting a change lrom a first >.umce cell to a second 

1? service ce)L Tht, nr^t -xr\ ice cell may proude billing bused on first subscribe! and 
the second seiuce cell may t>ro\ nie billing based on ^ceonj subscriber. 

Pc^ondh 'mg tht, mobile «.o>>imumcahon t'eviu can mc ude issuing i eloi t 
command io the singie mobile communication device subscriber module, the- select 
command selecting y ,subscribet identity skanenurv file on the single mobile 

20 commumeadon device subsenber module, the suhfeeuhtx identity elementary file 

containing the plurality of subscriber identides, sending a read command to the .migk' 
mobile communication debtee subscriber module, reeeiung the piuiuhn oi suhseuhei 
identities from the single mobile communication device subscriber module m 
response to ■sending the read command, Wiring the plurality of subset ibcr identities m 

Z> a memory (if the mobile corn mini ication at-v ice, and setting a personalisation indicator 
to on, 

Peisor<ah?m,£ the mobile conunumcadoit device may also include 1 reading a 
lirsi subscriber identity fiom a subscriber identity vkmenutv flit-, updating the 
subscriber identity ciemeutar> file with a second subscriber identity, and reading the 
3U .second subscriber identity from tht- subscriber identity elementary fik. Personalizing 
thv mobile communication device may additionally include issuing a single command 
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to retrieve all subscriber identities from the single mobile toraaiunkadon device 
subscribe! module, storing tlse plurality of subscriber identities from tho single mobile 
conunuuieation device subscribe! module to a memory of the mobik communication 
dance, and seeing a pet j&m'di -ration indieaioi to on 

The plurality oi subscriber idealities can be stored in a single elementary file 
or in other locations on the single mobile communication device subscriber modulo. 
The single mobde communication deuce ,<uhseriKr module can be a Subscriber 
Identity Module -and the subseiibei identity- can he an international Mobile Subscriber 
Identity, 

According to another embodiment, the orient disclosure can pinridc a 
method .n a mobde eomirmricauou device including a smgh: subscriber module 
having a plurality of subscriber identities, fhe method can include issuing a select 
command to the single sifnsenber module, the select command selecting a subscribe! 
'dentilv elementary file on fhe single subscriber module, the suhsetiher identity 
elemental v fde containing the plurality of snbsciiber identities The method can also 
include receiving a response from the subscriber module m t espouse to issuing the 
stdtvt command, the response including a Hie m/c ,»f the subscriber identity 
elemental y fiU , The method ear additionaily include sending a read command the 
single subscriber module and receiving the plurality of subscriber identities irom the 
single subscriber module in response to sending die read oomTrtand. lbs read 
command can include an offtv.it parameter indicating an offset m the subscriber 
identity elemental y file, and a length parameter indicating a length of the data to be 
read. 

fhe method can flmhei include storing the plurality of subscuber identities in 
a memory of the mobile communication device and setting a personalization indicator 
in the mobile eonimiuij cation device to on. The method can additionally include 
operating the mobile communication device on a first network using a first subscriber 
identity, detecting a change of network coveiage to a second rework, and switching 
an operational subscriber identity horn the first subscriber identity to a second 
subscriber identity based on th_* change of network covet age, ba,sed on a location 
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sutus message front ihe network, 01 any other set\ ice provider or card mamtfacturer 
algorithm. 

The method tan also mdude- leading a subscriber identity from the smgle 
subsetthe.r module, comparing the subscriber kU nitty vith the phtniitty or subscriber 
:> uiemjite- stored m the raobdc ecmuiutiicahou device, and blocking u?e of selected 
features of the mobile comnusntcution Jb\ tee if the sub&enbfr module -subscribe! 
identity aocs not tnafeb one of the plurality of subscriber uletittbes stored m fhc 
mobile eo:rrmvmteation device. The siibsaiher module mav be a Sub.Nt.nber l<icnbt> 
MoJuk; rati ihe subscriber identity ma> be an Intemauona! Mobile Subsenbfi 
lit IdeMttv. 

Aeeorduie u> anoihet embodiment, the present disclosure can pio\ As a mobile 
eoroinunieattoti devu e subscriber, module Th< me-bne communication device 
subsenhel module c^r< include a controller coiifit/titod to control the operations of the 
mobile communication device subsutbet module, <ni mpui and output contact point 

1 5 coupled to tbe controller and a supply voltage contact point coupled to the eonrol'a. 
Ilu mobile eon-vrmiffication debtee siibsenbct module can aLo include a memory 
meludme .t multiple subscriber identity elementary tile The multiple subscriber 
identity elementary file cut Iw c a body including a plurality of suhsctther identity 
location- ami aplur.dity ofVulvenbcr identities, each subseubcr identity cornicing of 

JO eight byte? bach of the; pluiahty of auboeribtr identity Icv-anons can include at least a 
sufascnbei Alentttv of the ptutality of -ubxenber identities Ihe multiple subseubcr 
identity elementary file can include a nundafoty fn?i subscriber identity of ct^ht 
bytes. The subset sber module can be a Subscriber Identity Module and the suhscnbei 
identity can ba an International Mobik Subset tbci Identity five t orholVr can ho 

25 configured to operate the mobile communication device suhseiiher module on a fnV. 
network using it fust ssihscnb i 'T identity detect a change of netwoik coverage to a 
second network, and switch uu operational stibocnbei identstv from the (hst subscriber 
identity to a second sabionher tdewirv based on the change of network coveiuge. The 
controller can also be ecnfigtued to ptsts^nali'ie a mnhik- eornmmueaUon device to the 

30 plurality of subscriber identities The coats oiler can he further eonfigoted to receive u 
select command from a mobile communication device, the aeleet command iielef ting 



the multiple ^ubscnDor identity- elementary tile, accp. a read romm vp.j from tlit 
mobile tuinmtmt cation de\ n*e, and sc?nd the plnmhty of subscriber ide otitic* from the 
subscriber module m response to accepting flv^ read command. The memory can aho 
include ,*i skirlc ^ubsLnbo; identity ok-fnonnrj file ciMimmma a body mdndmg a 
S smgta ^uh^onhet uknnty 

Accenting to anothei embodiment ihe present disclosure can ptovlde a 
method m a mobde communication de\ ice including « phifukfy of !>uh\ciiber 
identities on a Mngle mooile communication device subscriber module I he method 
can include stuimg the pmtakty of subset ibei identities on ihe ^mgk tsiohil^ 

1 U communication device subscribe! module and issuing a tctneve command f^j 
reimving all of the plurality nf subscriber identifies on the single mobile 
lomuuraication subscriber module The imtUod can also include iceeivmg a 
s-uteer.her identify -amount indicator, the anhsyriKr identity amount indicator 
indicating a number of snbscnbei: idenJiea- located on the single mobile 

15 communication suhsuiber module. The tnethed can addJiomdly ntd'cde tecei\ mg all 
of the plurality of subscrib-ci identities ironi the ^m^!e mobik communication 
subscriber module m response to sending the re&d command, and stmmg all of the 
phiralm of subscriber identities to a memory of the mobile communication de\ ice 
The method ears further include peisonaluing the mobile communication de% tee to 

2u i. oth o f the plurality o f subscriber identifies by «etfmg a personal^tmn indicator to 
on llie -method can also include switching an openuoiwl subscriber kleiiutv from a 
finst i>iib<-< ubet identity to a second subscriber identity. Voi example, the method can 
include operating The mobile communication device on a frsr neft\oik <wng a first 
subscriber identify, detecting ^ change o^nctwoik coverage to a second network, and 

i5 sv> helling an operational suhscubcr identity from rhe f.rst sabs, nber identity to a 

second subscriber identity bused on the change of network eo\ wage. The plurality- of 
subscriber identities may oe stoied in a single elementary tHc or in any other location 
on the single mobile communication dc\ ics subscriber module. 

Among ether benefits, the pu^tut invtmthm cm allow for sionng and 

30 accessing multiple subscribe! identities on a subscriber module for a mobile 
communication device. 1 he present invention can adduionails' ptovuk. ibi 



8 



personalizing a mobile cnmrmmiLauoii device n> multiple subscnbet identities sioml 
o;f a single subsaibu' module The yie^ent inventus can also provide for easjK and 
readily acceding multiple subscriber identities on a single snbsenbt;r module. Ihe 
p:eseni hwemion can furtJiei pi > Aide for an dense ilary hie f<vr ?formg multiple 
5 subscribe* ideutiucE on a single subscriber module The present invention can 
additionally mo\ ids for changing between mulople snh;>cnher identities during 
operation of a mobde coiDniumcatmu device, rht&e and runher benefits va\1 became 
iroie apparent uith refugee in the Figoiei> and the dcscnptioas of flu, prefctted 
embodiments, 

10 Fig, 1 i$ an exemplary Mods diagram of a system 100 according to a prefened 

embodiment T 1 it svstem ) 00 can meLi(k a nt rwork eonholler 1 1 i \ a nei wtHt 1 20, 
and urie ot more mobile ^otmnntueanor 1 devk.es. 130 and 140, fhe mobile 
eommunLahun devices 130 -md 140 may be mobile equipment such as wildest 
Telephones, cellular telephones, peisona! digital a&tstanis, or >m> other devices that 

i 5 arc o-ip&bic of sending and ieerrv inj* voice and data MgnJ:? o\ or a \\ iieic *s network. 

In an t-xemphry embodiment die network eommPer 1 10 in eenneckd to the 
ueuvmk 120 The m to ork controller 110 may be included m 4 bast- trance ei\tr 
station, a service ei liter or juy other device on the netootl-. 120 Ihe network 120 
way include any ivpe of network thai is capable of sending and feeeiving 
communication signals Put example, ?lu network 120 ma> include a data, network, 
such a& die Internet in intianet a local area tioiwol (I AM a wide ar.a uerwotl 
{WAM a ec.hle iietw ork, and utbei like cumumutcmon sssUma flic network 120 
may also uiekide a telecommunications Qeo\oii\, such as a kuat telephone nctviotk, 
long distance telephone netwoik, eclluJai telephone network, satellite communication? 

25 ueh\ ork, cable is. tension net* ork and otiiei like eouifmimcaU'w systems 

Furthermore, ihe nenvork 1 20 may ineiuae more than f me netw oik and may ircliidc a 
p'tmahtv of different fypt-« of networks. Thus, the netwoik 120 may meludo a plurality 
of data networks?, a plurality m telecommunication:* noto orKs, a combmanoi! nf dat x 
ord idcvomnumcatioft'i networks and other life conmumeauon systems Fitter ably. 

iO the network 120 is a veuele&? ucwoik 
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In operation., ihe noiwoik eomroliei ! 10 can eontroi operations "ti the network 
1 20 The mobile communication devices 1 30 and 140 can Itansnnt and receive 
wireless* sisjijdh to mid Som tiie notworx 120. for example, the mobile 
communication device i JO can connect a vi^ee caJ with die mobile communication 
^ device 140. 'I hits, users offhe mobile cottimumeanon devices 130 and 140 can 

audibly communicate with each othci. Also, the mooiic communication device 130 
t ail i oimect s data call \s dh the mobile ecamntinieaUon device 1 40 1 litis,, uset s of tt ie 
mobile coirnifinfcation device* 1 50 and !«0 can send and receive datatu and Horn 
ouch othei and the neoioik i20. 

10 Kg. 2 i\ an exemplar.' block diagram ofd mobile cotrnmumahon device 200, 

such !iS the mobile communication device 1 30. aceordmtf to a preferred cmhodnricn 
The mobile communication device 200 tan include a controller 210, mp»t and uufpui 
circuitry 220. a memory 230, a transceiver 240, an antenna 250 and arutiov able 
si>b<*enber module 260. Flu- subscriber module 200 may be a subscribe! identity 

! 5 nmdu't such ub a user services identify modulo, a icm;<vabk user identity module, of 
any other mb^enber module, The subscribe! module 2>0 can include at least one 
elemental}' file 262, a subsenbei module toolkit 2c'4, and a multiple subseubct 
identity storage 266, The elemental) die 262 can contain orii- subscriber identity, Ih„- 
multiple subscriber identity storage 20o maybe a multiple subscriber :dendt> 

20 okmentaiy file, a hidden location foi s-toung muHiple subscriber identities, or any 
other stoiage location or locations for stormy multiple .subscriber rdeuHtio-* The 
subscriber module toolkit 2o4 can interact with the mobile communication device 200 
to pel form various functions with tin. mobile coirununicatiun de\iee 200. 

lire memory 230 maybe a random access mrmory. a read ordv memory an 

23 optical niemorv. oi any other memory, The memory 230 can include subscriber 
identity storage 232. a pei'-onah/r.uon entity 234. n mobile equipment or mobile 
communication device tmbseriber inodale toolkit 23<\ a per^ooalualion indicator 233, 
ana a personalization control key 23'^. Fhe personal u-ation entity 234 .itid the mobile 
cornnisinicaUon device subseiiber module toolkit 236 may also i^nk on the controller 

30 2 1 0, .-is in Jspendt. nt software or hardware modules, or in airv other toimat on the 

mobde ccnimurticatiun device 300 The subscriber idenUtv storage 222 can ioutani a 
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subscnber iduitiiy ihat liio mobile communication ice 200 is currently 
personalised to The- subscriber .A-nuty storage 232 mav alan contain a 
personalization lis: eonta'nmg one crauhiple oiibseubei uiemmea. The 
personalization entity 234 can inform functions to petsouall/e the mobile 

5 commimication dories' 2^0 to a xub<-i t ifcer identity stou-d m the ^iKcuKt tdei Uty 
.storage 232, The mobile communication device iubsaihei module toolkit 2,3b can 
eormol opaiafmns and awnmumcabons With tlu< -iubsei tb„i module 2o0. The 
personalization mdieaitn 238 car. be set io 'W to indicate tbe mobile commumeainn 
device 200 is LViSonahxed to a subscriber identity of a subsenbet module. The 

0 pu^ont-hzauon contiul lev 23° com>oh the personah^abon of the momk 

communication device 2O0. boi example, the peisnna'kanori comic! key 239 can R 
fejeetod by a user to allow foi de-persoiui nation of die mobile ecmmuricaUon deut e 
200. 

TUt tr arisen er 240 may mctnde i rransmmei and 'oi a reeen er The input and 
5 output cucoltn 220 can include a microphone, a displas , a speaker, i u^r mpm such 
as a kevpad and buttons, oi any other input and output eircvuirv 

hi opwation, tltc mput and osupuf circuitry 220 can decent various minis of 
input and output signals For example, tK mpiu and output cucuury 220 can r&ceiye 
and output audio signals and data signals. The memory 230 can a Lore diaa and 
soflw are used f a thx mobik communication device 20t>. The transceiver 240 can 
hanstmf and 'or receive data over a wireless network sucl i a*, network 120. I he 
conuoUei 210 can control tho operation cl ihc mobile communication device 200, 
WLcti Lne mobile Lommttmeafton device 200 is peifuuH/ut to a punrular 
subscriber module ot at k-ast one subscriber identity it can reuHe to operate with 'any 
other subsenber modules or subscriber identities. The mobile communication device 
200 can bo peisonahreu by stormy at iea^t one subscribe* idemm, such a*, a 
subscriber module code group, of the relevant suhseuber modulo 2o0 m the subscriber 
identity mot ace 232 and setting fee personate auon uidxatoi 23$ to on. Wnenever a 
subsscnbei module is ms\rfsd or tk mobile commvaiKanon deuce 200 ^ powered up 
with a subscribe! module already m phico, die at least cue subscribe! (dentin is read 
trora tiie subsenbet module and checked against the at least one subscribe* uienuiy 
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stored m Jlic sub^rnbet iduimy storage 232 f f 'lure 15 no match, the mohib 
communication device 200 can go irio an emergency ralK only mode wheie only 
emestgency calls r<ra he placed irnm tlj.tr mobile eommnmeation device 200. 

\s mentioned, the personalization control Le\ 2^9 toot roN the personahrattcn 
feature, fla-s key can selected by a user at pensonahzanou and can lx later ontacd 
vmo the mobile communication de\ tee * 00 to dcpeisunalire the mobile 
epramurvieahon device 200, The contioilei 210 cxj itso ?uppuit multiple nances of 
subscriber module personaJj/ithon., to; example, a subset the identity can be read 
trorn ti suhssenher module and checked aeuunst a l?3t ol subscribe ulenlines stumi m 
the subscriber jderttit} storage 2 V2 

Personalizing the mobile ronitnumeation device- 200 may alternately melnde 
reading a first subset ilvi idenhU from the ^^hst-nber identity dome maiv file 2A2 
I no fust subscribe! tdcnUtv can be stored m the memory 250 Hie subset tber ideiinty 
elementary file Jo2 may then be updated v\ tih a second Mihscnlvr tdersfry . fui 
example,, torn the multip'c sabsenber idetttlt) storage 266, The second sutacubei 
identity may Uun be read from the subscribe! tdentiis elementary iilc 2b2 and stored 
tn the memory 230 The personalisation mdicatot 2^S may then he xet to "on " 

A personal i'/atum Lhsck is performed whenevc; a subscribe module luO is 
inserted into tlu mobile comma tucaunn deweo ZOO or whenever the mobile 
communication dc\ see 200 ts pn«eied up with a subscriber module 2o0 aheady m 
place When mure than one potseuals/auou u ac'ives m the mobile communicant «u 
device 200, normal mode of op eiabou c.uj jnclude peitotming am tanstai.cling 
psrwrndiirdtiort cheeks To perfonn a pci sonaKzation <JieeL the control ler 2 1 s x fh st 
checks whether the mobile comnimucation device 200 is per>-<oncji, cd by checking the 
pwsunali^titm indicator 238. If the personalization indicator 2^S is stt to v 'ofC the 
pcif-oii.iiu'dtjon cheek can he stopped and the mobile communis, ation device 200 am 
go into not trial mode of opeiatjoa and omit the remaining steps of nV 5 heck. If me 
^asonahz-atmn mdlcaioi 23^ 11 s>et in '\irC the eonrxollei 210 continue the check. 
The eouirolia 210 can then tead the snbscuber identity front the subscribe module 
2*->0, Pur example, the controller 21U can read the subscriber 'djiinty nom th. 
elementary fde 2c^2, The controller 210 can tnev perfonn the pcnuridualmu ehec': h} 



chcekm^ the tcad subscnoer idennrj agamst a subscmvi ideuth) ot hat of subscriber 
identities stored m the subscriber identuy storage 232 If no match is found, the 
controller 21 0 can display an appropriate message on a dtspidj such <is "Insert correct 
subscriber module" ami can then go <;ito n cmergjnc} eaiis only mode Alternate!), a 
5 user m;r> bo prennpted to enter a speoal de-per,soriah?aEtorj code to de-peisou<dL.'e the 
mobile communication do^e 200 and allow for normal operation. Oihenvtse, if a 
nurch is found, die mobile communication aewee 2u0 can go into normal mode of 
operation^ 

According to a icluted embodiment, the personaliention nf a mobile 

t) communication device 2f >0 results m tie peisonah ahon control ke> 239 being set. tile 
pefcsonaiuation indicator 23S hemp set to *'ou," and the storage, in the subscriber 
ideuuty stotage 232. of it kasr one subscribe! identity to which the mobile 
communication device 200 is personalised lt< personalise Use mobile 
contmuincatior. de\ ice 2ul>, fu^L the rele\ ant subscriber identity <s entered into the 

5 subsenba iduitity storage 232 eithe-r h\ icadmg the subscriber identity )k>«i the 
suhseitbu module 260, oi h} an\ oilier process such as one defined b\ a 
maaufactut er. Second, the contioller 2 1 0 can pei form any necessary setup and 
necessary pre-pei serialization checks that may b^ > fui for persnnaiiratxon If me 
necessary checks are eortect, the subscnbei idertite can be stored m the subsenbet 

0 identnvstotagi. 232 if the cheeks fail the- peisonah \dhm pioc^ss can be terminated, 
Ibjrd, to persofj-tltA* the mobile ecamn tan cation device 200 to more dun or«e 
subsenbcf module, the nb^v Mops ran be repeated, Jvmth, tho peison.J i^uon 
control key 239 can be stored A. single pascaiduation eontro) kes 23'/ can be twr-d 
foi both smgle and multiple snh<-\ rther mod n't- petsonahzatiou Finally, the 

5 personalization indicate 238 cuj be set to "on " 

To de pusonah^e the mobile communication device 200, the correct 
personal" retion eontro! key 23^ can be envied. The subscriber nwdele 200 mov or 
may not be present tor de pet.sonalr/ahon. H the subscribe? r.tndu> 260 is present, dc- 
poisoudh/arsou ma> be ottered regard iess otVhcther any useful subscriber module 

0 pcist.«na1i?a«ou cheeks pass or fail Oe-personah^atton can bsr provided by entry on a 
keypad of the input aud ontpn,, uremtry 220. Other dc petsonaIi?auon method? may 
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be used To de-pcrsoruhze the mobile eommunh atioo device 200, a usei can enfct 
tiK. petsonaii/ation control key. If the entered persons!? nation control kc> i* the s.sme 
as the one stored m She memor\ 230, tile pen-ionahzafion nvijt.aior 23R is ski to w off." 
If the entered rad stored personalization control key values differ, the de- 
personalization process can stop and the mobile communication device 200 can 
remain personah&edv 

fny. 3 is an exemplary illustration of a mobile communication device 
nth ici ) t>a uiodme 3^0 accm dmg to anoihe* ernk dunent 1 hv subsu iher n odu'e j 
can inciuac a frame 310 arte a subscriber module controller 320 eonflguted to conttol 
the operations of the subscriber n odnb 300 I he subscriber module 3uU can also 
include an Input and output eon fart point 340 coupled to 'he subscriber module 
control iet 320, a supply voltage ooniaef point 350 coupled to U-e sub^rnber moduie 
eonttolKti 320, and a niemoiy 330 coupled to the subscsiber module eoTiiroller 320 
[ he uipui and output contrail point 340 may include multiple contacts tor i-emhug and 
leceivmg eommumeauom I be mernorv 330 can include a multiple Kukscnber 
identity storage 334 The multiple subscriber identity storage 334 may be a nutainie 
subscriber identity elementary file, a storage ieci'tion, storage locations, or anv other 
htoras/e for multiple subsuiber identhies For t. xatnple. the multiple subscriber 
identity elementary tilt- can include a body ha\ mg a pluraln> ot" subscriber identuy 
locations and a plurality of MihseriheT identities, tach of die plurality of subscriber 
identity locations comprising at 1ea;-a a aubseriSfcr identity of the plurality of subscriber 
tde-ntities. The memory 330 can also include a amide subscriber identity elememar) 
fib 332, I ne single subscriber identity elementary file 332 can have a body including 
a smgk subscriber identity. According to one embodiment, onK the .single subscriber 
identity elementary file 332 may be \ isible to applications on a mobile communication 
d*.vie<,., This rua> assist in preventing hackers fiom viiv\ ing or altering ttie contents oi 
I he multiple identify itorag*. 334. 

A sublet fber identity miy consist of eight bytes VI so, anmltipk snbsenbtr 
identify elementary fib can include a mandators fust .sublet iher identity of eight 
bytes The subscriber module 300 can be a Subscriber Identity Module and a 
subscriber identity can be an International Mobile Subscriber Identity, 
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Thv subscriber inodule connotfe 320 can be tluther config»ued w ophite the 
mobile communication device Mibsonber module 300 on a fmt netwoik asirg <i iirsi 
suhbcrthei identity, detect a change of network coxeia^e to a second network, and 
owiiah an op«aaovtal subscribe* identity from the m?t subscriber iikrihi> to a second 
subscriber identity oas.-d on the change of n^i work co\ erage The sublet ther module 
controller 32(5 can atV be configured to personalize a mobile communication device 
to tr.e plut<dit> of aubsaiber idcntiues The subscriber module eoutrolka *2U can 
additional!} be configured to receive a select command fiom a mobile commimKaiibn 
device, the select command selecting xlie multiple subscribe! identity storage 334, 
accept a iead commard from a mobile cominuuie,Jion device, and send tbe plurality 
of snbseuhci identities iroio the suhsi tibei module ^tfr* 10 the mobile eommmucafeii 
duViCc m icsnense to cop tmg f.te read command. 

Fig, 4 u on exunplat s flowchart 400 outlining tbe operation of a <?ubsi nher 
modulo ><0 mid n mobile communication device 200 according to a preferred 
emhodmunf Tti -step 4H\ the llowehari begins. In »tep 420. multiplr subscribe! 
identities aits ^toied on the subscribe* module 262, Foi example, multiple subscriber 
identifies may he stored in as elementary file, or in n\v othci useful location on the 
suhseubci module 2o0 In step 430, the mobile commame<ition de\ ice 20«- js 
pcisonalizcdtcf the multiple subscriber identities*. In step 440, the tknvchait ends, 

Fig 5 h aa exemplary message sequence chart iOU omSmmg personah/atfon 
of the mobile communication device 200 according to ancihvi embodiment. In step 
510, the mobile eoniuuimeaiiou device 200 can isjuo a scU ct command to me single 
mobile communication device subscriber module 260 The select command can select 
a rfub^criber identity elementary file oathc singl-- mobile communication device 
siibf cfiber module 260. The subscriber identity eiemoriiary file can. contain the 
plurality of subscriber iQcmifces Tbe mobile eomnmuieauou de\ iCt 200 may leccivc 
a i espouse from the subsenber module 260 m i espouse to issuing the select command. 
For example, the response can ir>etude a file si/c oFihe subscriber identity elemeatary 
ilk, a file identification of the subscribe! identity elementaiy il'c. type of file 
i mtbmiation. access condition mfeim.mom or any other us<. ful inioimation. 
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In sten 52u> th<? mobile communication de> be 200 can t*uid a read cornnuud 
to tilt- single mobile communication device sub<seubei nodule 20U. The read 
command can include an ok'set parameter mdKatiuji an offset m an elementary file, 
ana a length paramt-iet indicating a icngtn of the data, to be read. 
^ In step 530, me mobile communication, device J 00 can receive the phirality of 

subset iher identities i'rom the smgle mobile communication device subscriber module 
2oO m j espouse to sending the read command. In step 540, the mobile 
comtmusicanoii device 200 can store the plurality oi subscriber identities in a memory 
230 oi ihc mobile communication device 200, In step t^O. the mobile communication 

iu device 200 can sot a personah/ation indicator 23 8 to "au." 

Fiti. 6 is? an tixcmpUiy QowchdJt 600 outhnhu? the operation oi the melnle 
eornraunieanou device 200 aecordmg to anothet embodiment, hi step oIO, th? 
flovxehart begins. In step o20. rhe mobile communication device 200 operates on a 
network $uch as network UO, i-oi example, die nerwoik may be a local area 

1 5 tiers* ork a \>> ide aiea network, a smgle cci I ot multiple cells in a network- oi arQ other 
neb* ork In stop o3t>, the mobile commuxiication device 200 can detect a change in 
net* ork coverage to another network. For example, die mobile communication 
device 200 may move mto another cell. As auotkf e\arnpk\ the mobile 
wnmntntranoTi de\ ice 200 may mo* o trom network eoxeiage proMd-sd by one sen ice 

JO pnrvider n * nstw orL ct svet age provided by another seivies provider. As another 

&x ample, the mobile communication devee 2(H) may switch modes of operation based 
on network coveiage, A,*- another example, the mobile communication device 200 
mav detect a position change using a positioning detection device such as a global 
positioning system device. As another example, tht mobile communication device 

25 200 may switch between networks thru provide billing to different subscribers For 
example an employer may pay for mobile device service while an employee is at 
work, v hiie the employee may pay tor service elsewhere <a delermined by mtwork 
coverage, a global positioning system device^ or otherwise. If there Is no change in 
netv. ork coverage, the mobile eornmunicatton devjev 200 continues upeiaUcn oij the 

30 network in step 620, If there is a change in network coverage, in step 640 the 
subscriber modulo 2ol> on the mobile communication device 200 can switch an 
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opeiancnal subscriber identity tk<in an cmung operational sub&cn.Dor identity to 
another subscnbei identity Thus, die subscriber module 2^0 can change subscriber 
identities depending on networic coserage. -or example the sabscuber modulo >0 
cm keep the same subscriber id* nitty m certain ueiwoik* and change the subscriber 
^ tderttuy for other netwerkv 

Fig. 7 i$ an exemplary message sequence chart "'Ot) outlining operation ufihe 
mobile communication device 200 according i<* mother embodiment. A pluraht) of 
subscriber identities ma> be stored on the subscriber module 260 in a smgle file or in 
any "ilier locations In step 710, a sm«le multiple sub&ciibei identity reiTkn e 

iO command can he issue*.! to Btrieve all Mib^enhet identities from the pmyie mobile 

communication device subscribe* module 2o0 A ^tibsciiber identity amount indicator 
nut^ berecehed fiuru the suhpcuber module 2^0, iIjs subseubci idcutm amount 
uuheatui' indicating a number of subscriber identiues located on the smsde mobile 
eonnnuiiication subscriber module In step "20, the mobile communication device 

I c 200 can receive a plurality i >i sub >eriber identities fron i ihe subscriber module 260 m 
response to sending the read command, in *ttp 7^0, Jhe plurality of ^uhseribei 
jderauit'? from flit? single mobile coinmamcauon deuce .suhsctiher module 260 can be 
stored "30 to a memory 230 oi'the mobile communication ice 20< ■, In skp 74>J. if 
peisomdi/ution is desued, a personalization indicator in tht mobile communication 

20 device 200 can oo set to "on. 

After recti via? all of the subscriber identities, the mobile communication 
device 200 can switch an opennmivd subscriber identity fioai a first subscriber 
identity to a second subscriber identity. For example the mobile comims meat ion 
device can opciate on a first network using a first subscriber identity, detect a charge 

25 of network coverage to a second network, and swivh an operational subscriber 

identity from the first sub^cobef ulonutv to a second ssib>;cuher idennty based on the 
change ol neiwotk coverage. 

The method of ihj> invention is prefeiabiy implemented on a programmed 
processor However, the network eontroiior 1 10, the controller 210, and'or flu 

*0 subscriber module controller ^20 may also be implemented on r i general purpose or 
specul purpose computer, aproguunmedmieiopioees^or o: microcontroller and 
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peripheral integrated en cud elements, an ASK 1 or odicr integrated circuit, a hardware 
electronic or iu^h circuit such as* a discrete element circuit, a programmable logic 
de% ic u .such as a F'LD, PL A, FPuA or P Al. , oi the like, hi genes ai, any device on 
whkb resides a finite stale machine capable oi implementing the flowcharts shown in 
5 the Figures tray be used fo implement the pi oansor functions of this im ention. 

While this invention hits been described \\»th specific embodiments thereof, it 
is evident that many alternatives, modification?, and \ arcattom will be apparent to 
those skilled in thti art- Foi example, \<«ious components uf the embodiment mav he 
nikrcl tanged, added, or substituted ir± the other emhoduueuK Accordingly, the 
10 prefetred embodiments >_■! ihc invention as set forth bavm art. intruded to be 

iUabtiahvt% not hunting. \ arious changes max be made vvuhoid departing from the 
spirit and scope of the jmendon 
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WHA T IS CI Vi MFD IS 

1 A method m a mobule communication device having a single mobile 
eomuaimeation device subseuber module including a plurality of subscriber identities, 
5 comprising: 

storing ihe plurality of subscriber identities on the single mobile 
communication device subscriber module; and 

per ^ouAh/mg the mobile communication dz\ ice to each of the phii<dit> 
of subscriber identities. 

fj 

2. 1 lie method according to claim i . farther comprising: 

operating the mobile communication device on a first network u?iog a 
first subscriber identity; 

detecting a change of network coverage to a second network; and 
5 switching an operational subscriber identity fern the i'hst subscriber 

identity to a second subscribe! identity ba&cd on ihc change of netviotk coverage. 

3. Tito method according to claim 2„ wherein detecting a change 
comprises detecting a chauge from a first service cell to a ■second service cell. 

0 

4. The method according to claim 3, wherein the fust service eel! 
provide billing based on first subscriber idemity and the second service cell pan ides 
baling based on stcond subscriber identity. 

5 5. The method according to claim L wherein personalizing the mobile 

cotiununication device comprises: 

issuing a select command to the single mnhile communication device 
subscriber module, the select command selecting a subscriber identify element file 
on the single mobile con'mnmieariou device subscriber module, the subscriber identity 

0 elementary file containing the plurality of subscriber identities; 
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sending a read cotimwno fo the single mobiL- communication device 
subscriber module: 

receiving tbe plumlity o! subscriber tdennues ftom me simde mobile 
communication device sub-s^ribei module uj jespon&i.' to sending the read command; 

stunner die pkualits of subscribe! identities in 2 memory of the inobUs; 
communication device; and 

?e t hng a personah/atiou nhbcatoi to on. 

b. The method according to cdams I , \vberein personaUnny the mobile 
eommiuycition device comprises; 

reading a fust aibscnber identity ttv>ro a subscriber idenbty eiaxuiuary 

file, 

updating the subscriber idcnlitj ueaieiu.iry t~ie v. ith a second 
subscriber identity; and 

reading the second subscriber identity 1mm tbe sfibsimber identity 
etemeat&rv File, 

1 he method according fo claim ! . \vhsrcm pcrscnal^mg the mobile 
commitmeauon device comprises 

issuing a dingle eoramand to retrieve <xT' subscriber identities from the 
single mobile communication device subscriber module; 

stoimg the f lumhty ol\subseubei identities Item the smgle mobile 
communication deuce .subscribe* module to amunoty of the mobik, communication 
device; and 

setting a peiKonaiu-'ation indicate* to or.. 



The method according to claim i , v> herein the phtrahty of subscriber 
identities; arc stored in a single eU-roeutary file on single mobile comnmnication 
device subscriber module 
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0, The method according to claim I . \shersm the single mobile 
communication device subscriber module is a Subscriber Identity Module and the. 
subscriber identity is an International Mobile Subscriber Identity. 

1 0, A method in a mobile communication device including a siisgje 
subscriber module having aplundiU of subscribe* identities, the method comprising 

issuing a select command to the single subscriber modulo, the select 
command selecting a subscriber identity elementary tile on die smde subscriber 
raudnic, the s?i b\cnbei iuumty elemen + ar\ r ik containing the plurality of subscriber 
identities: 

sendn% aieau eont.'jmd to die smgk subsn'ber nk>djie 

receiving the plurality of subscriber identities from die single 
subscriber moduk in response to sending the read command; 

stormy tltepluraiitv of stmscrtber identifies hi a memory of the mobile 
communication device; and 

setting a personalization indicator to on. 

1 1 , The method according lo claim 1 0, farther comprising: 

operating the mobile communication device on a hist network u\mg a 

first, subscriber identity: 

detecting a change of network coverage to a second network; and 
switching an operational subscribe! utentks horn the first ■n.ibscribsr 

identity to a second subscriber identity based on the change oi network coverage. 

12, The method according to claim. 10, farther comprising roe«ving a 
response from the subscriber module in response to issuing the .select command, the 
response inclnuing a file ^i^e of the subscriber identity elementary file 

1 3 , The method according to claim 1 0, «, herein die road command 
includes an offset parameter indicating an offset m die subscriber identity elemental y 
fib, and a length parameter ;ndte?tmg n length of the data to be read. 
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14, The method according to claim 10. further comprising: 

reading a subscriber identity front the single subscriber module, 
comparing die subscriber identity with the plurality of subscriber 

identities stored in the mobile conmnmieution device; and 

blocking use of selected features of the mobile communication, device 

if the subscriber identify dtx-s not match one of the plurality of subscriber identities 

stored in the mobile communication device. 

15 The method according to claim 1 0, wheiein the .subscriber module is a 
Subscriber Identity Module and the subscriber identity is an International Mobile 
Subscriber Identity, 

1 6, A mobile communication de\ ice subst riber module comprising: 

a controller configured So control the operations of the mobile 
conimtuueation device subscriber module: 

aii input and output contact point coupied to the controller; 

a supply voltage contact point coupled to the controller; 

a memory including a multiple subscriber identity elementary file, die 
nmhink- subscriber identity elementary flic comprising a body including a plurality of 
subscriber idenhiy locations and a plurality of subscriber identities, each of the 
plurality of subscriber ideniih locations comprising at ieast a subscriber identity of the 
pbnahtvoi sm^ ftbe>- idenbUt^ e.uJi Mihs nbe ul*nhb con^i^tn= T of e ghtbvts 

17 the mobile communication device subscriber module according to 
claim 16v wherein the mulupic subscriber identity elementary file comprises a 
mandatory first subscriber identity of eight bytes. 

1 The mobile communication device subscriber module according to 
claun 16, vdicrein the mobile communkatiou device subscriber module is a 
Subscriber Identity Module and the subscriber identity is an international Mobile 
Subscriber Identity; 
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1 y. flic mrbfie cornmujueatior> device subscriber module avoiding k> 
cla'ra 16, wherein the controller further configured to 

opeiato tbe mobile communication device subscriber module on a fust 
ndwttrk u?in^: a Fret subscriber identity; 
5 detect a change of netv\ od coverage to a second network and 

switch aa operational sunsc-rioer identity from the f:rst subscribe* 
idemin to a second subscriber identity based on the clMii^t; oi netvvork cnerage 

20 The mobile communication device subscribe! module ac-oiduig to 
t 1 ctehn 1 ft, whuein the controller is turthcf eonhgiued to personalize a mobile 
communication device to the plurality of subscriber identities. 



2 i Hit; mobi'e communication device subscriber module atcoiding to 
claim 1 (v vvhetem the contioiler is fuifhtf configmed ro 
i 5 receive a select command (torn a mobile communication device, me 

select command selecting the multiple subset 'bei identity elementary flic; 

accept a read command trom me mobile communication desiec, and 
.send the plurality of subscriber identities trom tht. ssuKeribur m^dulf* m 
response to accepting the lead command 

20 

22. l',\c mobile communication de\iei. subscriber module according to 
el?mi lo ? wneum the rasmon bribe* nclnd&s ^ ^la^ie sub^ctmci idenntv tkmentaiv 
rlk compiling a bod> mJudrng a 3iiu.de jsiih^eribt-r identity. 

^ 23. A method m a lrobile communication device including a piurabty c<f 

suVenbei identities on a single mobile communication device siibserber module* 
eonipnsmg: 

stoimg the pluivtUtx of subscriber identities on die single mobile 
communication device SLuVenbei module; 
30 issuing a ietneve c ommand ibr retrieving aU of i he plusaiiiy of 

subscriber identities on die singk mobile communication subscriber module; 
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Tsewivrog all of die plurality of subscriber identities from Uic single 
rtntols torommieaiion .sabbcnbcr module m response lo sending the utid command; 
and 

strung All of th. plurality ol putoicubet identities to a memory oi the 
mobiL- communication device. 

24, Thy method according to claim 23, further comprising reccivu^ a 
.snbsei iber identity <tmoani indicator, the ^ubseriber identify amount indicator 
indicating ,i number of fcUhsetihei identified locked mi (he single mobile 
communication stsbsciibci module. 

25, Ihz method according to cla*m 23, \sherun slits syb?cj iber module u» a 
Subscriber Identity Module and the subscriber identity ^ an International Mobile 
Subscriber Iderroty; 

26, The method according io claim 23, further ;ornpming switching an 
opciaiiuusil sthVcrihw identity fiom u first subscriber identity 10 a second subscriber 
identity. 

27, Ihe method seconlmg to claim 23, fnrthei comprising 

operating the mobile communication dcsiet: on <i i'tm nefworV tismg a 

first subscriber identity; 

detecting \ change of network coverage to a second network, and 
switching an operational subscriber Jdentir> fsom the first suhscuhet 

identity to a .second subscriber idewit} b<i#ed on die change of network ecn erage, 

28, The method according to oLdnt 23, farrhct comprising personalizing 
the mobile conunumcuhon device to each uf the phnaiils of s-ubsenbet identities by 
seumg a personalisation indicator to on. 
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29. The method according to claim 23, wherein ihe plurality of .subscriber 
identities are stored in n single eisrae.nt.ar>' file on the single mobile communication 
device subscriber module. 
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